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Operating Experience W ith 


Outdoor Power Plants 


By J. N. LANDIS,' SAN FRANCISCO, CALIP. 


LTHOUGH outdoor power plants have been built for a num- 


ber of years and technical literature contains many arti- 

cles on them, it was felt that a carefully prepared group 
of papers dealing with the design for and operation of outdoor 
plants would bring out a useful body of information based on the 
very considerable volume of experience with such plants. A 
work group consisting of Messrs. Argue, Duffy, Friend, Estcourt, 
and Landis undertook to organize a symposium. At the outset 
a review was made of the outstanding articles in the technical 
literature to single out the more important issues involved, with 
the thought that papers dealing with these particular issues would 
be invited. However, as the work group dealt with the problem 
this approach was abandoned, because it was concluded that ask- 
ing specific authors to contribute papers on definite subjects 
would be less likely to bring out a cross-section background of 
experience. Consequently a number of qualified individuals 
were invited to present discussions, the only limitation being that 
the material should fall under the symposium title “Design for 
and Operating Experience with Outdoor Power Plants.’’ It was 
hoped that this procedure would bring out the issues as they had 
developed in the individual experience of the participant or his 
company. 

Participants fell into one group giving longer, somewhat ana- 
lytical, papers, and another group giving shorter experience 
papers. Since all papers were prepared ahead of the meeting, 
even the shorter papers cannot be regarded as being normal 
“discussion” papers. It was very unfortunate that time did not 
permit discussion from the floor. LE 
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The organizing group weighed the question of whether discus- 
sion should be secured from proponents of indoor construction. 
In order to obviate the charge that the presentation was com- 
pletely biased and did not permit any discussion by indoor station 
proponents, it was decided to request two such papers, one from 
M. K. Drewry, the other from E. C. Gaston. 

It was decided to invite a general historical paper, preferably 
from someone who by having lived through the developmental 
era of outdoor power plants could give a distilled history of the 
trend. Mr. Louis Elliott stood out pre-eminently among those 
considered for this part. Unfortunately, for the symposium, Mr. 
Elliott was currently in Switzerland and his paper had to be read 
by Mr. Estcourt, thus depriving Mr. Elliott’s very many friends 
in the audience of the pleasure of hearing him personally review 
the opening era of outdoor plants which he so strongly cham- 
pioned over a period of many years. 

Directly in line with the recognition that the symposium should 
do something to give the reader some statistical basis for weigh- 
ing the relative importance of outdoor and indoor construction, 
Mr. B. G. A. Skrotzki was requested to canvass the utility industry 
to ascertain the extent of use of indoor and outdoor construction 
as related to specific major important items of equipment in 
modern plants. Limitation of time necessitated Mr. Skrotzki’s 
presentation at the meeting being in abbreviated form. 

Subsequent to the presentations in the symposium, a systematic 
analysis of all the papers has been made to draw out a composite 
of all the views expressed. Credit goes to Messrs. V. F. Estcourt 
and B. V. Marcellus for exhaustive study of the papers to single 
out and collate the material from which the digest of — con- 
stituting the “Summary’’ was made. 
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Early Types and Development 


Fy 


T is pleasant to have this opportunity of sending a greeting 

from Switzerland to my friends and fellow members of Tue 

AmerIcAN Society oF MBCHANICAL ENGINEERS. 
Switzerland began its co-operative existence in 1296 by a pact 
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of mutual loyalty and aid entered into by the riselgiih mountain- 
eers of three little cantons. Since that medieval time, the 
sturdy Swiss have built a firm and fine democracy, tiny though it 
be in comparison with our United States. 


NEW YORK, N. Y. 


Like the Swiss federation, our electric-power industry in Amer- 
ica has grown by boldness and hard work. The industry has 
benefited by ingenuity, by keen analysis, and by the co-operation 
of engineers, power companies, and manufacturers. No new de- 
velopment has sprung from one man alone or one company alone. 
The magnitude, the efficiency, and the excellent performance of 
our power system are the result of accretion from many sources. 

The engineering company by which I have been employed for 
40 years, Misi in electric-utility history became meus in 
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TRANSACTION 


promoting the development of so-called “‘outdoor’’ designs for 
substations, switchyards, and power plants. Outdoor is a con- 
venient and nowadays a conventional term for denoting plants 
in which one or more important equipment units are installed 
without protection from the weather. My remarks apply 
primarily to thermal stations, but hydroelectric plants also have 
their history of outdoor installation. 


First OuTpoor INSTALLATION 


- In 1910 my company designed and built the first 110-kv sub- 
station in which the transformers and high-voltage switches were 
not completely enclosed within a building. In 1912 it engineered 
the first outdoor hydroelectric plant, preceding the first such 
steam plant by 17 years. The company has now designed and 
built 25 outdoor hydroelectric plants for nine of its clients—six 
of those utility companies have authorized a second outdoor 
plant. One company is now operating nine of them and is plan- 
ning to build four additional. There are more than 600 plant- 
years of successful operation of outdoor hydroelectric plants on 
the record. 

The reduction and resulting modification of structures serving 
a steam-power station had its beginning years ago. The move- 
ment was encouraged by the study of industrial installations, in- 
cluding oil refineries. Boiler shelters in the tropics have for many 
years consisted of a simple roof, frequently of corrugated steel. 


OvutTpooR TURBINES AND BoILERs 


About 1932 utility companies in New York City worked on 
the design of a large steam installation, placing the turbines on 
an open deck with gantry crane. The design was apparently 
considered too radical for adoption. A little later, General Elec- 
tric Company installed a 6000-kw outdoor-type steam turbine at 
Schenectady, as an element of a steam-mercury plant. During 
the 1930’s, at Glendale and Burbank—two of the smaller cities 
in southern California—steam stations were constructed with 
the turbines on an open deck, provided with partial housing, but 
with the boilers quite well protected. 

In 1930 the power company at Phoenix, Arizona, built a sta- 
tion with boiler-room walls somewhat skeletonized. The Utah 
company, in 1937, constructed an 18,750-kw stoker-fired plant 
near Provo, with important outdoor features. About the same 
time, a number of utility boilers were installed outdoors, among 
them one in Arizona and one in Ohio. This partial list of early 
installations in America is intended merely to sketch the develop- 
ment up to about 1940. 

From that year there has been a rapid increase in number and 
size of outdoor installations of various types. The outdoor 
plants designed and built by my company, and now in course of 
design and construction, through the years 1936 to 1953, include 
164 steam generators and 155 turbine-generators, in 70 stations; 
the aggregate capability is approximately 10,100,000 kw. The 
largest boiler produces over 1,000,000 Ib of steam per hour, and 
the largest turbine unit is rated at something over 150,000 kw. 
As to location, the range has been from the Gulf of Mexico on the 
south to Montana and New York on the north, with additional 
installations in other countries. If I may be permitted to single 
out one engineer, I wish to say that Paul Gourdon has been fore- 
most in developing the designs, in general and in detail, for the 
installations mentioned. 


OuTpoorR 


At the beginning of the outdoor development, the only availa- 
ble designs for good-sized turbines, boilers, and most of the other 
major equipment, were primarily for installation and operation 
within a building. The introduction of outdoor plants called 
for corresponding modifications by — equipment, and 
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plant designing engineers have worked continuously with the é 


manufacturers’ engineers in developing the elements of outdoor 
design and installation. The manufacturers have been most 
co-operative. 

I recall an incident, humorous in retrospect, relating to the 
introduction of high-voltage equipment suitable for service out- 
doors; it may illustrate the problems of manufacturers in modify- _ 
ing, for new conditions, the designs of successful equipment. In 
1913 several members of our company, myself included, made a _ 
visit to Schenectady, hoping to persuade the manufacturer to 


supply 110-kv outdoor-type transformers and breakers, for serv- 


ice on a new system in Utah. We consulted C. P. Steinmetz, x 


and he expressed the opinion that the materials and construction _ 


suitable for exposure to temperatures from minus 40 to plus 110 — 
F and to dust, rain, and snow. 


and step-down stations then adopted outdoor construction. 
Steinmetz was a grand man—pioneer, scientist, mathematician, 
and engineer, but no one can be infallible. As the saying wsiea 
even Jove nods occasionally. 

Similarly, the installation outdoors of large boilers and turbines | 
has run the gauntlet of ridicule, doubt, criticism, and gradual 
acceptance, until the volume of such installations, the successful _ 


performance, and the substantial economy in investment have 


commanded approval. I remember that, in years past, in the 


meetings of utility-industry committees, radical new ideas have 
more than once encountered a tolerant pity from the conservar ae 


tives. 

No engineer advocates universal utilization of the outdoor — 
princi, le, or of any one particular plan or design. However, 
outdoor transformers and high-voltage switching equipment have | 
become almost universal. That ultimate state is not here pre-_ 
dicted for steam plants, but as planning for new plants is initiated \ 
nowadays, outdoor features are becoming more frequent. 


REASONS FOR OvuTDOOR DEsIGN 


There are two main reasons for adopting outdoor designs, the 
saving accomplished in the first cost and, in most cases, the reduc- 
tion in the time required for construction. In an outdoor de-— 
sign, with foundation slab at, or near, ground level, the slab can — 
often be poured shortly after the construction force is organized, 
permitting the erection of boiler steel to start soon thereafter and 
the turbine-pedestal construction to follow shortly. In opera-— 
tion, there are certain advantages inherent in the outdoor prin- _ 


ciple, especially when air temperatures are high. The heat from oS = 


boiler and turbine is not “boxed in.’’ It has been my experience — 


that many southern operators strongly prefer the unhoused type. _ 
There are of course certain disadvantages accruing to the out- 
door type, especially under conditions of extreme low tempera- 
tures and during storms. Maintenance of equipment may cost — ‘ 
somewhat more and take a little longer than with a fully housed — 
plant. Maintenance cost of buildings is of course reduced in the ; 
outdoor installation. The disadvantages of the outdoor design, — a 
which are indeed much less important than anticipated, are for — 
most situations much overweighed by the saving in investment. 
I do not wish to magnify the importance of the reduction and — we 
simplification in structures, which indeed constitute a devolution — 
rather than an evolution. The design represents one of the many — : 
advances in the art that have made the power industry what it is. _ 


Each engineer will of course study his individual conditions, make __ 


comparison of investment and of operating and maintenance 


costs, for various designs involving “outdoorness”’ as wellasother _ f 


features, and reach his decision as to the form of plant best suit- 
ing his situation. 


other elements. 


He will take into aceount the economic andall = 
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- serve the good will of neighbors. 
not influenced directly by economic considerations and thus will 
- not be discussed further. 

- sons, however, may well be affected by their economic justifica- 


SYMPOSIUM ON DESIGN FOR AND OPERATING EXPERIENCE WITH OUTDOOR POWER PLANTS 


PHILOSOPHY OF THE OUTDOOR PLANT 


The low over-all plant-investment costs prevailing in the “good 


old days,’’ when the outdoor economies were first realized, may 


never be seen again. Recalling them serves only to emphasize 
the difficult problems now confronting executives and engineers, 
who must contend with the radically higher present-day cost 
levels. Today we should exercise close economy in structures 


- economy; we should select as large units as the estimated loads 


over a future period make permissible; we should adopt steam 
conditions and cycle at least as good as the economics justify, 


Economic Factors in Design of 
Power-Station Enclosures 


By F. W. ARGUE,* BOSTON, 


OWER plants are enclosed for three major purposes: (1) 
As protection or comfort for operating and maintenance 
personnel; (2) as protection for equipment; (3) to pre- 

This third reason is obviously 


Decision regarding the first two rea- 


tion, and it is the purpose of this paper to stimulate interest in 
developing useful data for evaluating the many pertinent factors. 


ACCEPTANCE oF OuTpooR DesIGN 


Outdoor construction, while employed by industrial plants for 


many years, did not receive widespread acceptance by power- 


formed expeditiously. 


station operators until instrumentation and automatic control 


formed from a remote point. By grouping controls in a relatively 
small room which could be conditioned for operator comfort at 


- moderate expense, the necessity for enclosing the balance of the 


plant for weather protection of the operators was minimized. 
There remained the requirement that equipment must be pro- 


a tected while in service and, more particularly, during maintenance 


- periods. It was recognized, also, that maintenance personnel 

- required protection from the elements if the work was to be per- 

Various methods have been employed 
to meet these requirements, most of which have been adequately 

publicized. 

It is unfortunate that controversy has developed regarding 


the feasibility of outdoor construction and opinions have been 


formed without adequate factual basis, At one extreme, there 
is doubt that outdoor stations are practical for other than the 
most favorable climate; at the other, there is the feeling that the 
~~ reliability, efficiency, and operating convenience can 
e combined with minimum first cost simply by omitting en- 
 Comares, What is needed, of course, is an engineering approach 
to the problem with the substitution of facts or reasonable prob- 
bilities for opinions. 


Tue ENGINEERING APPROACH 


In developing an engineering approach, the problem confront- 

ing the designer in evaluating types and extent of enclosures is 

similar to that of other station components: “What does it cost 
and what do you get for your money?”’ 
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over the foreseeable future; we should supply a minimum of spare 
equipment—‘“working our investment hard,’’ as an old operating 
executive expressed it; we should sacrifice unwarranted refine- 
ments. 

Outdoor plants possess dignity; they look what they are—the 
modern term is “functional’’; they satisfy, in so far as is prac- 
ticable, the commercial and engineering requirements by their 
moderate cost and their reliability and economy in operation; 
and they contribute to the success of the utility industry and its 
companies. Finally, these well-planned and well-wrought crea- 
tions will give to ourselves, the engineers, the personal satisfac- 
tion of work well done. 


Before attempting to Sanllani installation cost, it is necessary 
to set forth the design criterion and, as a basis for illustration, 
three criteria have been assumed: 

Outdoor Construction. There should be no enclosures except 
for the space where the operators spend the major part of their 
time. 

Minimum Enclosed Construction. The major components 
tnust be enclosed for equipment protection and facility of main- 
tenance. Provision for operator comfort should only be ex- 
tended to the space where the operators spend the major part of 
their time. The purpose of establishing this criterion was to 
determine what the cost of enclosure would be if no more provi- 
sion for operator comfort were made than in outdoor plants. 

Conventional Enclosure. The major components must be en- 
closed and all enclosed space should be treated as working space, 
suitably heated and ventilated for operator comfort. 

A further subdivision of the third criterion has been made to 
take into account complete housing for a mild climate where un- 
insulated walls would be satisfactory and for a more severe cli- 
mate requiring insulated wall construction. EF RO 
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Basic PLANTs For CoMPARISON 


» 

With these criteria, estimates of construction cost have been 
made for two designs of stations, one an arrangement made spe- 
cifically for an enclosed station and the other, for an outdoor 


station. It is believed that use of the two designs provides a 
more equitable basis of comparison because the equipment ar- 
rangement is not necessarily the same in both. It also provides 
a source of unit cost data for the various additions and deductions 
which are less subject to controversy than estimates, no matter 
how carefully the latter may be prepared. For example, if the 
completed costs of an enclosed station show $2 per square ft 
for wall construction, the fairness of using this figure as the esti- 
mate for adding walls to an outdoor design can scarcely be 
questioned. 

Indoor Plant Designs. Station 1 was designed and built as a 
totally enclosed plant with the exception of fans, dust collectors, 
and chimneys, which are external. It is located in an area of 
mild climate and thus has uninsulated walls. Its capacity is 
nominally rated at 200,000 kw and it is coal-fired. Features of 
lighting, ventilation, and other building services are more or less 
conventional for completely enclosed stations. It does not have 
completely centralized control, and control centers are not 
separated from other working areas by pueiase 
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The eatimated costs for outdoor construction of Station 1 were — 
based upon the same equipment arrangement, but with housing 
omitted. Weather protection for mechanical and electrical 
equipment was added, where necessary, and a gantry-type crane 
substituted for the indoor bridge crane which, in the original de- 
sign, was supported on conventional dual-purpose steel. An al- 
lowance was made for a control house similar to that provided in 
a contemporary design of outdoor station. No allowance was 
made, however, for mechanical and electrical costs required for 
centralized controls. 

For so-called minimum enclosure, as the concept was not to 
provide for operator comfort, lighting and other building services 
were limited to those required for equipment protection and op- 
erator safety. A control room, partitioned off and air conditioned, 
was considered necessary but the size was only sufficient for the 
most essential and frequently used controls. It also was be- 
lieved that omission of weather protection on equipment required 
an insulated roof in order to provide equivalent protection. 

For mild-climate conventional enclosure, the actual station 
design was used. 

For severe-climate conventional enclosure, the actual station 
design was used except that an allowance was included for insu- 
lated panel wall construction. 

Outdoor Design. Station 2 was designed and built as a com- 
pletely outdoor plant in a mild climate, of 250,000-kw nominal 
capacity, oil and gas-fired. Estimates for the three types of 
enclosure were treated similarly to Station 1, except that, as Sta- 
tion 2 employs centralized control, the control room was in- 
cluded in each case. 

As the detailed estimates are too voluminous to be intelligible 
in this brief presentation, bar graphs have been prepared of the 
incremental differences. In each case, the outdoor construction 
cost is represented by the zero line. 


Fic. 2 Station 1—Comparison or EstimaTep Cost By SECTIONS OF 
PLant—OvrTpoor anp EncLosep Power Stations 


ComPARATIVE Costs 


: *- Fig. 1 is a comparison for Station i of the cost differences 
broken down into structural, building services, electrical equip- 
ment, and mechanical equipment. As would be expected, the 
additional costs of structural and building-service features are 
compensated for, to some extent, by decreased electrical and me- 
chanical costs. The significant differences between the various OUTDOOR POWER STATION- BASELINE +O ; 
types is in the building-service account, where heating, ventilating, mao encrosume CLmare 


and similar requirements increase the costs of conventionally en- ‘Fic. 3 Station 2—Comparison or EstimaTep Cost BY Mason 
closed station designs by a substantial amount. Accounts FoR OvTDOOR AND ENcLosep Power Stations 
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STRUCTURAL BUILDING ELECTRICAL MECHANICAL TOTAL 
SERVICE 


Fig. 2 is a comparison for Station 1 separated into turbine room — 
(including auxiliary and control sections) and boiler room. It is = pe 
evident that, in this example at least, the major cost differences 
between open and enclosed types lie in the boiler room, although | 
it must be recognized that, with the usual disposition of auxiliary 
equipment, the division between departments has to be some- Ss 
what arbitrary. 

Fig. 3 is a comparison for Station 2, broken down into the _ 
same accounts as in Fig. 1. Because this basic design was for | 
outdoor construction where it is usually economically feasible to eT 
provide more “elbow room,’’ the change in structural costs a 
higher than for Station 1. e4 

Fig. 4 is a breakdown of estimates for Station 2 by sections of 
the plant. This differs from Station 1 to the extent that an auxil- 
iary bay and control house are separately identifiable. 
again, the major difference is in the boiler room. 

STRUCTURAL BUILDING ELECTRICAL MECHANICAL TOTAL Cost differences are frequently expressed as a percentage i. . 
oe ...,...om STATION- BASELINE «© the total. Fig. 5 is prepared on this basis, using 100 per cent cost 
MINIMUM ENCLOSURE I) MiLo CUMATE ENCLOSURE & coro cumare enciosure = of outdoor plant as the base line. It is the author’s opinion that 
Fic. 1 Station 1—Comparison or Estimatep Cost sy Mason Percentages, while not actually misleading, fail to express the full c 
Accounts FoR OvuTpooR AND EncLosep Power Stations significance of cost a — in the case of gee 
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DESIGN FOR AND OPERATING EXPERIENCE WITH OUTDOOR POWER PLANTS 


AUXILIARY AND BOILER TOTAL 
CONTROL BAY ROOM 
OUTDOOR POWER STATION - BASELINE +O 


@ cumare encLosuRe coo Ciimare ENCLOSURE 


MiniMUM ENCLOSURE 


Fic.4 Sration 2—Comparison or Estimatep Cost py Sections 
or PLant ror OvuTpoor anp Enciosep Power Stations 


pacity plants. The total estimated costs shown are for the por- 
tion of plant and equipment affected by building considerations. 
Thus switchyard, external fuel handling, and similar components 
are not included. 

It should be pointed out also that, in each case, enclosures were 
strictly functional, and relied for pleasing appearance on well- 
arranged masses and outlines. No special features which might 
affect costs were provided for architecturally esthetic effects. Ob- 
viously, masonry walls, tiled interwrs, and similar treatment 
would add greatly to the cost of enclosures and thus increase the 
first-cost advantage of outdoor construction. 

Exception may be taken to the validity of the comparison on 
the grounds that the alternative plans may not represent the 
most desirable designs for the stated conditions. The estimates 
were prepared, however, by as nearly a factual method as could 
be devised starting from completed designs for which revised 
estimates based on expenditures and commitments were available. 


or Strupy 


It is believed that, by presenting two cases, one of which tends 
to favor enclosed construction and the other outdoor, the cost 
differences, while not defined with absolute accuracy, are suffi- 
ciently bracketed for evaluation purposes. 
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$22,500,000 $26,200,000 | 


STATION No.! STATION No.2 
OUTDOOR POWER STATION- BASELINE = 106 
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Fie. 5 Srations 1 anp 2—Percentace Comparison or EstimaTep 
Cost ror OvTpoor EncLosep Power Stations 


It is apparent from the comparisons that the degree of operator 
comfort provided in the infrequently used portions of the station 
has a significant effect on the cost of enclosures. There is, in 
fact, a remarkably small difference between the so-called mini- 
mum enclosure design and the outdoor station, The practi- 
eability of the minimum enclosure design would depend on cli- 
matic conditions. For areas of limited precipitation and high 
average temperatures, the outdoor plant would have definite ad- 
vantages from a personnel-comfort standpoint. With greater 
precipitation and lower temperatures, this advantage conceivably 
could be reversed. 

It also appears that greater savings in initial cost can be made 
by having the boilers out of doors than other plant components. 

No attempt is made to draw conclusions from these compari- 
sons. Obviously, they only illustrate one phase of the problem, 
and for an answer to the question, ‘‘What do you get for your 
money?’’ we must utilize the data accumulated by actual operat- 
ing experience with various types of plants. From these data, 
the effect of enclosure on reliability, availability, and maintenance 
expense can be determined. It is hoped that operators of out- 
door and semioutdoor stations will continue to report their ex- 
periences so that eventually we can get a more accurate measure 
of the importance of many of the factors which are now regarded 
as intangible. 
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S' NCE the aa of the Long Island Lighting Company’s 


By E. C. DUFFY,‘ 


first semioutdoor steam-generating unit at Port Jefferson 

in 1946, the trend of design of its power stations has been 
increasing toward more outdoor construction. This type of 
construction was initiated with full consideration given to pre- 
vailing climatic conditions, the problems of operation and 
maintenance that would be posed, effect on performance of per- 
sonnel, and savings that would be realized. The trend has 


* Vice-President. Island Company. Mem. ASME, 


Through Six Major Installations 


MINEOLA, N. Y. 


ing outdoor designs. The early experiences not only demon- 
strated that a saving of approximately $4 per kw would be realized, 
but that greater personnel comfort would be gained 8 to 10 
months per year through elimination of costly enclosures and at 
no sacrifice in the costs and reliability of operation. 


SemioutTpoor BorLers 


The earlier consi stations in the system ane — the 


been continued and expanded only after carefully reviewing 
experience gained at each step and studying the merits of further- 
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Fic. 6 View or Semioutrpoor Borers, Port Jerrerson Power 
Sration, Units 1 anp 2 


conventional boiler and turbine-room housings of brick construc- 
tion. Two 40/44-mw units at Port Jefferson Power Station, 
which were placed in operation in 1948 and 1950, were the first 
units to depart radically from this type of construction. 

The boilers of these units are of the semioutdoor design, 
which set the pattern of boiler enclosure for subsequent units. 
Fig. 6 illustrates the extent of enclosures at Port Jefferson. 
Corrugated transite siding and its supporting steel girt framing 
attached to the boiler columns are provided around the boiler at 
the drum elevation and around the rear and sides of the furnace 
at the burner level. Brick walls at ground elevation enclose 
the bottom furnace area and the forced-draft fans. The front 
of the boiler faces the brick wall-enclosed coal bunkers and coal- 
tripper room. Air preheaters, gas breeching, mechanical and 
electrical dust collectors, and induced-draft fans are outdoors. 
Portions of the hot-air duct work and soot-blower piping are out- 
doors. Outdoor duct work and equipment in the duct system 
are weatherproofed. In addition, all outdoor instrument and 
control air lines are grouped and wrapped with electric-resistance 
heating wire and insulated and weatherproofed. All outdoor 
water lines are similarly grouped with a steam tracer line. Out- 
door air-operated equipment such as soot-blower heads and fan 
damper and control drives are enclosed in flat transite housings 
and provided with strip heaters. 

Three similar 90/99-mw units at Glenwood and Far Rockaway 
Power Stations also employ semioutdoor boiler design. The 
first of these, Glenwood Power Station No. 3, Unit 4, was placed 
in operation in November, 1952, a second, Unit 4 at Far Rockaway 
Power Station No. 2, placed in operation in November, 1953, 
and the third, Unit 5 at Glenwood, is scheduled for late 1954 
operation. 

Fig. 7 illustrates the typical boiler enclosure of the semi- 
outdoor boilers at the three 90/99-mw installations. Although 
the scope of boiler enclosure is the same as at Port Jefferson, the 
actual boiler area enclosed is somewhat greater owing to the 
larger boiler size, and to the difference in design of unit. Whereas 
the boiler drums at Port Jefferson are located near the rear of the 
boiler, and therefore necessitate a complete enclosure around 
the boiler-drum elevation, the drum of the 90/99-mw units is 
located at the front of the boiler and thus reduces the extent of 
enclosure at the drum level. On the other hand, the amount 
of siding around the burner elevations of the 90/99-mw units is 
considerably greater than that at Port Jefferson, because two 
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Fig. 7 


Fic. 8 or Epwarp F. Barretr Power Station, 1 


levels of burners are required for the larger steam-generating 
units, as opposed to one level at Port Jefferson. 

Outdoor breeching, air ducts, mechanical and electrical dust 
collectors, induced-draft fans, and piping are weatherproofed 


similarly to those at Port Jefferson. In order to conserve valuable 
enclosed power-plant space, the main steam, reheat, crossover, 
and boiler feed lines are run partially outdoors and are insulated 
with an additional '/2 in. of insulation and weatherproofed with 
asphalt-saturated asbestos felt and plastic asphaltic coating. 

Experiences at Port Jefferson indicated that the costly electric 
heating of outdoor instrument and control air lines could be elim- 
inated by running these lines close to the boiler casing where pos- 
sible and heavily insulating the lines where it is necessary that 
they be located away from the boiler. This decision was aug- 
mented by the installation of an air drier in the instrument air 
lines at all units subsequent to initial operation at Port Jefferson. 
Electric operated and controlled soot blowers to be installed 
at Glenwood Station, Unit 5, will obviate the necessity for soot- 
blower covers and electric heaters. 

The Edward F. Barrett Power Station, Unit 1, a 156-mw unit 
which is scheduled for initial operation in 1956, will employ a 
further reduced scope of boiler enclosure. This unit is illus- 
trated by the sketch shown in Fig. 8. Experience at both Port 
Jefferson and at Glenwood indicates that a burner-belt enclosure 
is not necessary and that elimination of the enclosure around the 
forced-draft fans will reduce noise within the power-station 
building. Furthermore, grouping of the main steam and reheater 
outlet headers at the front of the boiler has reduced the extent of 
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SYMPOSIUM ON DESIGN FOR AND OPERATING EXPERIENCE WITH OUTDOOR POWER PLANTS 


TABLE 1 ESTIMATED REDUCTION IN CAPITAL COSTS WITH SEMIOUTDOOR BOILER DESIGN ra 


Port Jefferson, 


Power station Units 1 and 2 


Unit rating 
Initial operation 


Substructure 

Structural and miscellaneous steel 
Corrugated siding and girts 

Brick 

Floors (differential) 

Doors and windows 

Roof. 


Painting and finishing 

Heating and ventilating 

Weatherproofing piping and duct work 
Flashing between boiler and concrete floors 
Soot-blower covers and antifreeze protection 
Weatherproofing F D fans and motors - 


Omissions, contingencies, and overheads—25% 


—_—40 mw———~ 
1948 and 1950 


Glenwood No. 3, 
Unit 4 
Far Rockaway Glenwood No. 3, 
_No. 2, Unit4 Unit 5 
—90 mw -———— 00 mw 
1952 and 1953 1954 
Semioutdoor Semioutdoor 


Edward F. Barrett, 
Unit 1 


$428 , 50 
$107. 


Total costs. . 
Net savings per unit 


$535, 
$215, 


TABLE 2 ESTIMATED COSTS FOR WEATHERPROOFING SEMIOUTDOOR BOILERS 


Power station 


Unit rating, mw 
Year of initial operation 


Corrugated asbestos siding and girt steel 
Brick walls. 
Concrete floors required for partial enclosures. ‘ 
Roof. 
Doors and windows é 
Flashing between boiler and floors. 
Weatherproofing ducts and 
Soot-blower covers and anti 


Omissions, contingencies, and overheads—-25% 


Total cost per unit 


the boiler drum-level enclosure, This arrangement has also 
made it possible to run main steam, crossover, and reheat piping 
in an indoor pipe chase between the front boiler platforms and 
the coal silos. Weatherproofing and antifreeze protection of 
duct work and equipment will be similar to that employed for 
Unit 5 at Glenwood. 

A detailed comparison of the capital savings effected through 
adoption of progressive stages of semioutdoor boiler design is 
shown in Table 1. This comparison is based on the assumption 
that 4n indoor boiler enclosure would be comprised of a brick 
housing having a separate steel structure outside of the boiler 
columns, completely enclosing the sides and rear of the boiler, soot 
blowers, forced-draft fans, air preheaters, and hot-air duct 
work, The breeching and associated equipment, however, are 
assumed to remain outdoors, as enclosing this equipment either 
would involve a large superfluous structure or would involve a 
complete redesign of the power station, both of which would 
cloud the issue at hand. It is felt that the indoor arrangement 
selected most closely approaches the conventional indoor boiler 
room at a single-boiler single-turbine power plant. 

It is to be noted that future labor and material-cost increases 
have not been shown for Gienwood Power Station No. 3, Unit 
5 or Edward F. Barrett Power Station as these are not known 
accurately at this time. Furthermore, it is felt that the increased 
savings gained through larger-sized units and progressive changes 
in outdoor design could be magnified if predicted-cost increases 
were applied. 

Costs for weatherproofing of outdoor equipment, shown in 
Table 2, are largely differential costs over those that would apply 
if the boiler had been indoors. Therefore total costs for weather- 
proofing of gas breeching, dust collectors, and so on, which would 
be outdoors in either case, were not included. = = 


Glenwood No. 3 


Port Unit4 | Glenwood Edward F. 
Jefferson 
Units 1 and 2 


Far Rockaway No. 3, Barrett, 
No. 2, Unit 4 Unit 5 Unit 1 


90 
1952 and 
1953 


OvuTpoorR TURBINE-GENERATORS 
Turbine-generator Unit 4 at Glenwood Station, Fig. 9, 
was the first outdoor unit to be placed in operation in the north- 


eastern area of the United States. All subsequent units embody — 


outdoor turbine-generators having essentially the same general 
weatherproofing provisions as those used for this unit. 


Walk-in lighted and ventilated enclosures, furnished by the 


turbine-generator manufacturer, comprise the weatherproofin 
over the governor end of the turbine and the exciter. 
tion, a weatherproof housing is provided over the turning gear. 


A turbine start-up panel board and valves for gland sealing and : 


leak-off control are located in the governor-end enclosure and 
included in the costs shown in Tables 3 and 4. 

The turbine deck is pitched to afford complete drainage in all. 
areas. In addition, a special gutter is provided beneath the 
joint between the turbine-generator pedestal and the turbine 
deck. Turbine-deck snow-melting systems were provided for 
Glenwood Unit 4 and Far Rockaway Unit 4 but have been elim-_ 
inated at the later installations, operating experience having 
proved their usefulness to be very limited. 

Capital savings gained through adoption of the outdoor tur- 
bine-generator design are shown in Table 3. This comparison is 
based on the assumption that an indoor turbine room would | 
constructed similar to that at Port Jefferson Power Station which 
was comprised of a high turbine room of outside brick-wall con- 
struction with inside walls of glazed tile, Fig. 10. While the out- 
door gantry crane is more costly than the indoor bridge crane 
the additionai structural steel required to support the bridge 


crane reduces the differential. J F a 


OrxEK OuTpooR CoNsTRUCTION 
In addition to the outdoor boiler and turbine-generator design — 


In addi- 


le 

4 
. 68,000 $237 ,000 $ 267,000 
72,000 14,000 106, 000 14,000 106,000 6,000 187,000 
10,000 28,000 12,000 30,000 12,000 30,000 8,000 34 , 000 
5,000 9,000 8/000 12/000 11,000 12/000 8,000 16/000 
19,000 18,000 23000 18/000 23 000 21,000 27 
4:000 8/000 5,500 8/500 5,600 8.500 2,000 10000 
2' 000 We 5,000 5,000 2/000 — 
$225,000 $368, $601,000 $421,500 $601,000 $652,000 $ 896,500 
...... $56,200 92, $150,200 $105,400 $150,200 $163,000 224,100 
$281 , 200 $526 .900 $751 .200 $815,000 $1,120,600 
$178,800 = $224 300 $305,600 
5: 8/000 11000 8,000 
16 , 500 22,400 20 , 600 34, 200 } 
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ANSACTIONS OF THE 


TABLE 3 


Power station 


? 
Unit rating 

Structural and miscellaneous steel 

Roof, drains, flashin, 

Brick, glazed tile walls, weer: windows, 

Heating and 

Lighting 

Painting. . . 

Walk-in enclosures over turbine head end and exciter 
Steel canopy for erection and maintenance. . 
Turbine-room crane. 
Snow-melting system in turbine deck. 

Additions erection costs for outdoor turbine 


Outdoor 


Omissions, contingencies. and overheads—25% 


Totals. . 
Net sav ings per unit 
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at the Edward F, Barrett Station, capital expenditures have been 
reduced by deleting enclosures around other equipment in the 
station. Greater reduced costs for the Barrett unit are shown 
in Table 1. Elimination of the enclosure around the forced- 
draft fans and the burners has been mentioned. It was decided to 
gain a further saving by sealing the space between the coal. silos 
and eliminating the brick-wall siding ¢ overing the front and sides 
of this coal-storage space as had been provided on earlier units. 
Similarly, as has been done in many plants, but for the first time 
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ESTIMATED REDUCTION IN CAPITAL COSTS WITH OUTDOOR TURBINE-GENERATOR DESIGN 
Glenwood me. 3, Unit 4 
Far Rockaway No. 2, Unit 4 


mw 


1952-1953 


Glenwood No. 3, Edward F. Barrett, 
Unit 5 Unit 1 


Outdoor 


ABLE 4 ESTIMATED COST OF WE ae OUTDOOR 
TURBINE-GENERATOR UNIT 


Y Glenwood No. 3, Glenwood Edward F. 

No.3, Barrett, 


Power station 

Far Rockaway Unit 5 Unit 1 

No. 2, Unit 4 

Unit rating, mw ae 

Initial operation 

Walk-in enclosures 

Steel canopy for erection and 
maintenance 

system in turbine 


90 

1954 
$18,500 
6,500 


1952-1953 
$18, 


Omissions, 


‘and 
overheads— 


tal cost per unit. 


10 Vrew or Turstne-Generator Room, Port JErrEenson 

Power Station, Units 1 anp 2 % 

Long Island Lighting installations, the corrugated transite 

ing and roof of the coal-conveyer galleries were replaced with 
an aluminum-alloy hood over the conveyer belt only, and an | 

open grating walkway alongside the belt. The cire ulating- 

water intake structure which had been enclosed at all previous _ 


units, was eliminated at the Barrett Station since the intake 3 


located on a channel which is in a relatively sheltered area and ae 
cause frequent access to the circulating-water intake equipment — 
is not necessary. Furthermore, it had previously been decided 


that only local controls of the motors would be provided and that Say 


all starters and other motor auxiliary electrical equipment would _ 

be centrally located within the plant. : 
Through operating experiences at all our power stations, as well — 

as those of other companies, it was decided that the scope of 


$ 40,000 $ 40,000 
30,000 30,000 $ 2,000 
80,000 80,000 144,000 
3,000 5,000 3,000 5,000 4,000 6,500 
8,000 13,000 8,000 13 ,000 10,000 16 ,000 
Be: 775000 60,000 77,000 60,000 142/000 
$124,500 $243 , 000 $121,500 $243 ,000 $234,000 $425,500 
31,100 60, 800 30, 400 60,800 56 , 000 106 , 400 
$155,600 $303 , 800 $151,900 $303 , 800 $290, 000 $531,900 
ri 
i> 
prec 35,000 $31,300 $82,500 
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POWER PLANTS 


TABLE 5 PROGRESSIVE CHANGES IN OUTDOOR DESIGN AND 
THE SAVINGS EFFECTED THEREBY 
Savings 
Glenwood Power Station No. 8, Unit 4 and 
Par Rockaway Power Station No. 2, Unit 4 
Outdoor turbine- 


Simplified soot-b 


Additional savings over previous design $162,000 $162,000 


Glenwood Power Station No. 3, Unit & 

Elimination of soot-blower covers and heaters 

Elimination of turbine deck snow-melting system. . . 

Addition of roof over back end of boiler for additional 
protection during construction 


25% for overhead, etc....... 


Additional savings over previous design 

Edward F. Barrett Power Station, Unit 1 

a limination of front and side walls around coal silos. 
Elimination of side walls on coal-conveyer galleries. 

Elimination of enclosure over intake 
less cost of weatherproofing of equipment 

in main power-plant heating and ventilat- 

equipment 

E limination of boiler enclosure around burner eleva- 
tions. 

Elimination of enclosure around FD fans less cost of 
weatherproofing equipment 


View or Weatuer Protection Provinep Durine Erec 
Tursrne-Generator, Far Rockaway Power Station 
No. 2, Unrr 4 


Fig, 11 


25% for overheads, etc TION OF 


* Savings over previous design 


$196,500 $196,500 


TABLE6 SUMMARY OF OVER-ALL SAVINGS BY INCREASING SCOPE OF OUTDOOR DESIGN 
Glenwood No. 3, 

Unit 4 

Far Rockaway No. 3, 

No. 2, Unit 4 Unit 5 


Port 
Jefferson, 
Units 1 and 2 


Edward F. 
Barrett, 
Power station sbi Unit 1 
Unit rating, mw 40 40 
Initial operation , 1948-1950 1952-1953 
Semioutdoor boiler $178,800 $215,600 
Semioutdoor silo. . 

Outdoor coal-conveyer galleries 
Outdoor circulating-water intake. . . 
Reduction in main power-plant heating ‘and 


156 
1956 
$305 , 600 


90 
1954 
$224,300 


151,900 251,900 
27,500 
56 , 200 
23 ,000 


& 


mot 


Total savings—outdoor design—per unit 
Savings per kw rating 


heating and ventilating equipment could be reduced markedly. 
At the Barrett Station there are no elevations below grade. 
Ventilation during the summer months for the area below the 
turbine will be achieved by opening hatches in the turbine deck. 
Removal of wall panels will permit circulation in the lower boiler 
region and pulverizer area. 

A tabulation of the savings represented by each item of outdoor 
construction made possible by progressive outdoor design changes 
is shown in Table 5. 

Over-all savings obtained through the progressive increases in 
the extent of outdoor design are shown in Table 6. The tabula- 
tion indicates that increased savings for the latter units is due 
primarily to the increase in the extent of outdoor construction. 
Furthermore, if the scope cf outdoor design had not been pro- 
gressively increased, the savings per kilowatt would have reduced 
as the sizes of the units increased. 


CONSTRUCTION 


sh It has been found that there has been very little additional 
cost for erection of outdoor turbine-generator units due to 
weather conditions, This partially results from the fact that the 
major construction of both the boilers and turbines has been 
scheduled during the warmer months, and is also due in part to 
the mild winters that have been experienced in this area in the past 
few years. Moreover, partial weather protection has been pro- 
vided for both boiler and turbine erectors. 

Concrete roofs over the boilers at Port Jefferson, Glenwood 
Station No. 3, Unit 4, and Far Rockaway Station No. 2, Unit 4, 
cover the enclosed drum-level area only. Inasmuch as the entire 
drum elevation is enclosed at Port Jefferson a full boiler roof is 


$376 , 200 


$695, 400 ‘ 4 
$4.18 $4.45 


provided and therefore a maximum of rain and snow protection 
during erection was afforded. However, since the drum-level 
enclosures at Glenwood and at Far Rockway include only the 
front portion of the boiler, only a partial boiler roof was provided. 
It was found during erection at Glenwood that the additional 
roof was necessary in order to reduce lost time during inclement 
weather. Accordingly, a complete boiler roof will be provided 
for Unit 5 at Glenwood and Unit 1 at the Edward F. Barrett 
Station. 

A portable canopy with canvas sides is provided the turbine 
erector, Fig. 11, for partially enclosing the turbine-gencrator unit 
during erection. This canopy is designed so that it can be used 
at any of the three 90/99-mw units for both erection and main- 
tenance purposes. This removable structure consists of diago- 
nally braced conventional-type pipe scaffolding set in fittings 
inserted in the turbine deck. The roof is supported on light 
aluminum trusses and is made in three large panel sections. The 
total cost of this canopy was $6500. 

In addition to the partial weather protection provided, it has 
been found necessary to supplement this protection with local 
protection of areas where work is in progress during rainy weather 
or high winds. Canvas tarpaulins have been erected when 
necessary around local areas when welding tubes and when heat- 
treating alloy welds, Fig. 12. In some cases plywood wind shields 
have been erected around heating-treating equipment. Gen- 
erally, there is sufficient work on the steam-generating unit to 
permit the boiler erector to shift the erection crews to work in 
more protected areas during short periods of inclement weather. 

Owing to the corrosive salt atmosphere in this area, the turbine 
erector has found it necessary to grease and wrap all open ma- 
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chinery when erection work is not actually in progress. Further- 
more, during rainy or foggy weather, it is not possible for 
millwrights to work on the turbine deck because of the possible 
corrosive effect on the unit. 

It has been estimated that total construction lost time due to 
inclement weather has not exceeded 5 per cent in the case of the 
boiler and 10 to 15 per cent in the case of the turbine-generator. 
Turbine-erection costs have been estimated to be between $5000 
and $10,000 higher because of the outdoor design. 


‘ Operation and maintenance experiences at the outdoor stations 
indicate not only that ventilation of the station is far superior, 
but that maintenance time in previous high-temperature areas 
has been reduced and outweighs lost time due to low tempera- 
tures during the short period of two to four months during the 


OPERATION AND MAINTENANCE 


Adapting Out 


Their Environment 


By W. F. FRIEND, 

N the historical sketch by Louis Elliott, sent from Switzer- 
] land, the evolution of steam power plants is traced—as to 

type and extent of structure and enclosure. In a biological 

sense, “evolution’’ is a term denoting physical and functional 
adaptation to the environment, through a series of steps or 
changes. For power plants, the economic element in environ- 
ment has been a strong influence, but it is by no means the sole 
factor identified in progressively reducing the extent of housing 
provided for equipment and personnel. 

Concurrent developments toward simplified plant designs dur- 
ing the past two decades, which facilitated the outdoor trend, 
have included among others: 


(a) Unit boiler-and-turbine arrangement. 
(b) Reduction of cross connections and spare equipment. 


5 Mechanical Engineer, Ebasco Services 


winter season. Moreover, during five years of operation at 
Port Jefferson, it has only been necessary to erect a temporary 
heated enclosure on two occasions of emergency maintenance. 
A survey of the operating personnel also indicates that they defi- 
nitely prefer the outdoor station to the indoor. 


Fear that noise would emanate from the outdoor plants wasa 


matter of concern until operation of the outdoor boilers and tur-— 


bines had proved that the noise level at various distances from the 
plant created no noise problem. Previous operating experi- 


ence with brick enclosures indicated that their effect was similar 


to a piano sounding board, resulting in amplification of the power- 
plant noise, not only inside the plant but to surrounding areas. 
Furthermore, sound emanating from a single piece of equipment _ 


an outdoor installation is permitted to attenuate rapidly as op- 

sed to the noise inside an indoor installation where the noise 
from all equipment is confined to a single enclosed space resulting 
in a cumulative loud rumbling noise. Although originally un- 
der consideration, soundproofing of equipment has not been found 
necessary, nor is it expected to be necessary. 

Other than the design changes previously mentioned in the 
development of the newer power stations, no alterations or ad- 
ditions have been made at the present stations occasioned by the 
outdoor design. 


CoNcLUSION 


In conclusion it should be mentioned that adoption of a pro- 
gram of outdoor construction is not only in large measure a re- > 


flection of company policy, but requires for its successful prosecu- 
tion full collaborative effort on the part of all personnel compris- 
ing the engineering and operating organizations. The savings 
gained through reduction of power-plant building walls and en- 
closures are of real significance. The improvement in employee 
comfort and contentment, while intangible, is equally significant. 
It is our opinion after five years of experience that semioutdoor 
boilers are practical and are here to stay. We are confident that 
an outdoor turbine will be similarly regarded. It is also felt 
that as operating experience is gained the scope of outdoor con- 
struction will be increased to an even greater extent than that 
presently contemplated. 
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(c) Low-headroom designs for condensers. 

(d) Centralized controls, combined for boiler and turbine. 

(e) Plant foundation using a simple concrete slab at grade 
level. 

(f) Wall construction of lightweight panel types, without 
masonry. 


This evolution has paralleled the practices in industrial plant 
design, notably for petroleum refineries and in chemical manufac- 
ture. 

Today, the kind and extent of housing for a power plant are 
generally decided after consideration has been given to such fac- 
tors as: 


1 Topography of site, whether: 


(a) Exposed to or sheltered from storms. 
(6) Subjected to mist or to ocean spray. 
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(c) Situated in desert or dust-bowl country. 
(d) Exposed to rockfall from eliffs. 
2 Climatic extremes, such as: 
(a) Low temperature in winter. 
(b) Winds of gale or hurricane force. 
(c) Rainfall, especially sustained rains or tropical down- 


( 


(d) Sleet storms. 
(e) Heavy snowfall. — 
Other local conditions, including: 
Character of community. 
(b) Preference expressed by executives and operators. 
(c) Economic factors. 


_ All of these must receive individual consideration and com- 
promise, attaching due weight not only to physical and economic 
factors, but also to the less tangible psychological and public- 
relations elements, when deciding the degree of conibernens for 
any specific situation. 


Community ACCEPTANCE 


With generating stations as with step-down eee placed 
in populated areas, appearance acceptable within the community 
is recognized today as a public-relations opportunity and obliga- 
tion. Rational methods for securing good appearance embrace: 


(a) Functional design, with 2 to 
symmetry and proportion. 


By B.G 


central-station utilities in the United States to determine 

which units of equipment were placed outdoors, semi- 
outdoors, or indoors. The survey was limited to new units, 
those starting operation in 1953 and scheduled for initial opera- 
tion up to and including 1956. 

Data received on 267 units represent almost 70 per cent of the 
number of new units, and about 80 per cent of the total mw 
capacity. These units were distributed among 40 states in all 
sorts of climates and precipitation conditions. 

Bar charts in Fig. 13 show the disposition of 58 items of plant 
equipment in the 267 units. Each bar represents 100 per cent 
of the total capacity reported. Open sections on the bars repre- 
sent per cent of equipment placed outdoors. Horizontally 
hatched sections represent percentage of equipment placed semi- 
outdoors. Solid sections are the percentages of equipment 
placed indoors. Gray sections show the percentage of capacity 
not using or reporting that type of equipment. 

Outdoor and semioutdoor percentages for each item were 
added together and plotted to the left of the zero-centered 
ordinate. Sum of the indoor and nonreported percentages are 
plotted to the right of the zero ordinate. The items were 
arranged in descending order of outdoorness. 

When plotting results in percentage of total number of units, 
some of the figures differ from the percentages shown in Fig. 13. 
These differences, however (less than 3 per cent on the average) 
do not change significantly the order of the items in Fig. 13. For 

* Engineering and Management Editor, 
Publishing Company, Inc. Mem. ASME. 


[ ) ccc! the fall of 1953, questionnaires were sent to all 


Power, McGraw-Hill 


> Stations— 1953-1956 


Selection of construction materials. 

Choice of color treatment. 
Landscaping and “buffer-zone’’ provisions. 
Night-lighting effect, including reduction of sky glow. i 


In addition, the control of noise may be a ‘“‘good-neighbor’’ 
requisite. The considerable knowledge acquired through experi- 
ence in the control of noise from outdoor-type plants has been 
assembled and analyzed in a paper given by the author at the 
1952 American Power Conference paper under the title, ‘Noise 
Problems and Prevention of Noise on Public-Utility Properties.’’ 

Construction economies and penalties are covered in today’s 
symposium by other speakers and discussers, from several view- 
points, In the earlier years, the talk was commonly about sav- 
ings to be realized by curtailing structures. Nowadays, the 
“yardstick’’ basis used for analysis by the author's organization is 
more often the full outdoor design, with differentials estimated 
for providing any thing beyond the practicable minimum of 


Modern outdoor have their 
ability for fitting successfully into any environment. Greater 
foresight and imagination are needed than with fully housed in- 
stallations, but the ingenuity of engineers can provide adequate 
solutions and good to meet all local 


. A. SKROTZKI,* NEW YORK, N. Y. 


this reason we have not reported the analysis on a number-of- 
units basis. 
RESULTS i 

Only 11 items of equipment were indicated for outdoor installa- — 
tion by more than 50 per cent of the capacity. The next 11 
were outdoors in 25 to 50 per cent of the capacity. The remain- 
ing 36 items were outdoors in less than 25 per cent of the capacity. 

High-tension switchgear, transformers, and house transformers 
are almost always outdoors. After these, acceptance of out- 
door placement decreases rapidly. Of the main equipment, the 
steam generator is outdoors, or partly so, in 38 per cent of the 
capacity, the turbine-generator in 21 per cent, the condenser in 
12 per cent, the boiler feed pumps in only 7.7 per cent. 

Forced-draft fans are outdoors in 33.8 per cent and semi- 
indoors in 1.6 per cent of the total capacity. Induced-draft 
fans stand outdoors in 65.0 per cent and semi-indoors in 1.0 per 
cent of the capacity, but they are not used at all in 7.5 per cent 
of the capacity. 

Meaning of semi-indoor or semioutdoor varies. Often an 
item has an overhead shelter without sides, or it is partly out- 
doors, or of similar items in one plant, some are indoors, others 
outdoors. 

Outdoor installations stand in all parts of the country, regard- 
less of climate or precipitation, Fig. 14. The only exception 
appears to be the northwest which is predominantly hydro. 
Outdoor plants seem to concentrate largely in the south and 
southwest. A notable exception is the Southern System in the 
states of Alabama, Georgia, Mississippi, and Florida. They do 
not use outdoor plants, as such, but they do place some of the 
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items of equipment are not used by the reported capacity. 
that stand out include cooling towers, 
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Wits Exception or NorTHwest 


lant auxiliaries outdoors at ground level. This system does its 
major overhauling during a heavy rainy season, which reduces 
attractiveness of an outdoor plant. 

The survey, Fig. 13, also shows the degree to which certain 
Items 
coal towers, fuel-oil 


pulverizers. 


aisles in 5.1 per cent. | 


Oddities in the survey are one outdoor machine shop and out- 
oor firing aisles in 8.9 per cent of the capacity and semioutdoor 


The reports received from 174 steam central stations have 
been summarized elsewhere.’ 


CONCLUSIONS 
Some electrical equipment is always placed outdoors. For 
major station equipment, such as boilers, turbines, condensers, 
and feed pumps, indoor locations still predominate. Induced- 
draft fans are major boiler auxiliaries placed outdoors, others are 
more often placed under shelter. 


? Listed in the March, 1954, issue of Power, pp. 81-85. 
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S and Ee ence With Outdoor Power Plants 


By G. A. GAFFERT,* CHICAGO, ILL. 


N 1931 Sargent & Lundy designed a steam-electric plant with 
one novel feature—the outer walls of the building were in 
the same plane as the outer walls of the steam-generating 


units. The boiler design was arranged with natural-gas firing, 


using an air-cooled furnace setting. Two boilers were installed 


_ with one 5000-kw turbine-generator. 


A recent inspection and 


* Chief Mechanical Engineer, Sargent & Lundy. Fellow ASME 


Many years later, in 1945, the Central Louisiana Electric 
Company planned to build a new steam-electric station in cen- 
tral Louisiana, and wished to consider as many outdoor features 
as practicable to hold down initial investment. An arrange- 
ment of steam-generating units, wherein the boiler was located 
outdoors and the firing aisle indoors, was adopted. 

Further, the turbines were to be located on an outdoor deck 
with condensing equipment mounted below. Turbines were to 
be served with a gantry crane. Switchgear also was to be located 
outdoors on the turbine-room deck and weatherproofed. This 
plant has now grown to a four-unit station following the same 
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pattern, the only deviation being the installation of a pressurized 
boiler for the fourth unit. Experience over a period of years — 
with this plant has indicated no outstanding operating difficulties. 
The weather bureau is consulted before an overhaul is planned. — 
Control equipment is located on an operating control-board cen- _ 
tral area below the main deck. In this station the turbines are 
mounted on a deck poured integral with the rest of the building, 
i.e., no foundation isolation. This feature has proved to be— ee 
satisfactory, the deck being sloped for drainage away from each __ 
machine. 
The only unusual item is the amount of painting that must be | a > 
applied yearly, because the rain and sunshine at this location are’ 
rather severe. Also, there is more deterioration of insulation 
than for the conventional indoor plant. 


Cost AsPEcTs 


A study and comparison of costs for this station indicated that 
$6 per kw were saved by making this a fully outdoor station. a 
We believe that this saving is reduced with increased size of gen- 
erating unit. 

A later design of a new station for this same company at Bald 
win, La., indicated that there was little, if any, difference in cost ; 
by placing the turbine and switchgear indoors and using the __ 
conventional overhead crane and a wall consisting of corrugated __ 
transite, as compared with placing the turbine and switchgear —_— 
out of doors, weatherproofing both, and replacing the conven- _ 
tional crane with a gantry crane. The cost of weatherproofing | 
the turbine and switchgear is considerable. The gantry type of 
crane is considerably more expensive than the indoor conven- 
tional type of crane. 

The Interstate Power Company, in 1947, built a new station at 
Clinton, Iowa, on the Mississippi River, utilizing a single-boiler _ 
single-turbine arrangement. The boiler is fired with pulverized _ 
fuel, and that portion of the boiler above the main operating floor 
is out of doors, the front firing aisle being indoors. This unit is of 
the water-cooled integral-furnace type of construction. st 
induced-draft fan is located on the deck behind the boiler. This he 
fan gave trouble initially, because the oil congealed in the a Ah 
ings during cold weather. Also, the hydraulic-coupling oil 
cooler was subject to freezing. By relocating this cooler below _ 
deck, the difficulty was overcome. This boiler has gone through 
several winters with only minor annoyances to the operators, due 
to exposure to weather of the soot-blower elements. 

Two steam power stations were built simultaneously of out- 
door design (both boiler and turbine); one for the Oklahoma 
Gas & Electric Company, at Sulphur, Okla., and a second plant 
for the Public Service Company of Oklahoma, at Washita, Okla. 

One boiler per turbine was used in the first case and two ee 
per turbine in the second case, all of the pressurized type. The 
main turbines and switchgear were located on outdoor decks. 
Walk-in type of housings protected the operators at the steam — 
and exciter ends. In both cases, a central control room for the __ 
boilers, turbines, and switchgear was utilized, this room being | 
located on an upper deck and completely housed. During erec- 

tion of the main turbine, a quonset house was built around the 
turbine for weather protection, in one case these machines being 
erected during winter time. “Wags, 


Two GENERAL TyPEs oF PLANT 


Since that time, Sargent & Lundy have designed a number of Be: 
outdoor steam-electric stations following two general patterns. 
In the first pattern, the boilers alone are out of doors, with the 


front face inside, facing the firing aisle. In the second pattern, 
the turbine-generators are also out of doors on an outdoor deck 
and weatherproofed by using walk-in type of housings on both 
the turbine and exciter ends. Also, the switchgear is weather- 


Year 
first 
unit 


densing 


gear 
tion 


loca 
Outdoor 


Switch, 


bine 
make 


Tur- 
2/7500 G-E 


Tur- 
bine 


Type 
casing 


make 
outdoor 
2/B&W Steel 


Boiler 


Press. 
and 


water 


River 


pr 


Outdoor deck Weather- 


size 


Fuel 


temp. 
1946 600/825 Nat. gas 


oper. 


Louisiana 


Central Louisiana Elec. Co. 


Central Louisiana Elec. Co. 


Station 


Coughlin....... .. 


proofed 


Outdoor deck Weather- 


1CE Steel 1/10000 G-E 


1948 600/825 Nat. gas 


Louisiana 


Coughlin. ......... 


proofed 


Outdoor deck Weather- 


1/20000  G-E 


Steel press. 


1 B&W 


1949 850/900 Nat. gas 


Louisiana 


Central Louisiana Elec. Co. 


Iowa 
Shreveport, La. 


Texas 
Victoria, Texas 


Washita, Okla. 
Longview, Texas 


Oklahoma 


ht Co. 
Co. 


Interstate Power Co. 
Southwestern Gas & Elec. Co. 
Central Power & Li 

Oklahoma Gas & Ele 

Public Service Co. of Oklahoma 
Southwestern Gas & Elec. Co. 
Central Power & Light Co. 


Southwestern. . 
Knox Lee.......... 


Lieberman......... 
Laredo 


1/15000 G-E 


1/B&W Steel press. 
2/B&W Steel press. 
Steel 


1 CE 


1953 850/900 Nat. gas 


1953 850/900 Nat. gas 


1953 850/900 


Great Bend, Kan. 


Baldwin, La. 
Texas 


Western Light & Telephone Co. 


Central Louisiana Elec. Co. 
West Texas Utilities Co. 


Mullergren. 


oil 


Nat. gas, 


Indeor* 
Indoor* 


1/60000 G-E 
1/40000 G-F 


1/B&W  8teel press. 
Stee! press. 


1/Baw 


1954 850/900 Nat. gas 


Texas 
Daingerfield, Texas 1954 850/900 Nat. gas 


Central Power & Light Co 
Southwestern Gas & Elec. Co. 


Lon C. Hill........ 
Lone Star......... 


* Brick turbine wall. 


+ Transite turbine wall. 
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_ proofed and located out of doors. 
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In addition, the deaerating 
heater, evaporator, and miscellaneous tanks are mounted out of 
doors. The steam-generating units in late designs have been 


of the pressurized type in the South, using only pressure blowers 


_ to supply combustion air and remove the furnace gases. 


stations. 


station units for outdoor service. 


_ the plant is not subject to extremes of weather. masa 


Table 7 indicates the details in connection with each of these 
We believe that the outdoor boiler is firmly estab- 
lished. We do believe, however, that there is an open question 
as to whether the outdcor type of turbine saves any appreciable 
investment. We also feel that for the outdoor boiler and turbine 
plants, an enclosed central control room with adequate glazing 
will give the operators needed weather protection, will improve 
their vision of operating conditions, and will reduce operating 
manpower. 

It is also necessary with outdoor design to weatherproof cer- 
tain pipe lines, which cannot be drained or wherein water may 
freeze. We have applied antifreeze protection to our more recent 
outdoor plants. This has been done with electric strip heaters, 
either with or without monitoring indicators. Protection also 
can be done by steam tracing various pipe lines. Costs can be 
reduced by grouping various lines around a central source of heat. 

In all, our firm has under design, or has completed, some 25 
We believe that the outdoor 
plant has its place particularly in the type of climate where 

General Discussion 

W. L. Cuapwick.® The advantages of outdoor stations and 

the opportunities for economies in construction and operation 


which they present have long been recognized in Southern 


California. The feasibility of operating outdoor stations in this 


area has been demonstrated by the petroleum industry with 


many years of successful operation of outdoor refineries including 
complex high-temperature and high-pressure equipment. 

In 1947 the design features of the semienclosed Redondo No. 
1 Plant of the Southern California Edison Company were re- 


<a ported. At the 1952 Spring Meeting of the Society a report was 


presented on the design features of Etiwanda Steam Station, the 
first all-outdoor plant of the Southern California Edison Com- 
pany, which was then under construction. The decision to use 


an outdoor design here was based on numerous reports from and 


_ observations of outdoor plants which had given satisfactory serv- 


@ tioned. 


ice elsewhere, on the favorable experiences with outdoor oil re- 
fineries, and on the reliable operation of many outdoor syn- 
chronous condensers on the Edison system going back to 1930. 

In that report several advantages of outdoor design were men- 


1 The elimination of the usual boiler and turbine buildings 


with an attendant saving of between $5 and $8 per kilowatt in 


first cost. 

2 Simplifications of design and construction with further 
savings in first cost and improvement in reliability. 

3 Elimination of most of the ventilation problems, thereby 
saving not less than $75,000 in the first cost of fans as well 
as saving the continued cost of power and maintenance for such 
equipment. 

4 Increased ease of cleaning and the attendant saving by per- 
mitting the washing down of open areas rather than sweeping or 
vacuum cleaning. 

5 Finally, the outdoor station is safer in case of fire. The ex- 


_ posures to heat, smoke, and water are less and the accessibility for 


Angeles, Calif. 


9 Vice-President, Southern California Edison Company, Los 
Mem. ASME. 

” Mechanical Engineering, vol. 74, 1952, pp- 543-550. 


fire suppression is much improved. This is an advantage which 
is often overlooked. Several central-station fires have been re- 
ported recently in which the heat and smoke from a relatively 
small fire, concentrated in an enclosed area, made it impossible for 
the operating force to get close enough either to fight the fire 
properly or to shut down equipment. Major damage resulted. 

To date our experience has been that we have not only realized 
all of the advantages, but have obtained other incidental benefits. 
The improved accessibility of the outdoor station has been an im- 
portant aid during construction. It has been possible to use 
motorized moving and lifting equipment to better advantage. 
The elimination of walls extended the reach range of derricks. 
Construction supervision has been noticeably more effective in 
the open station, and there has been less interference between 
structural workers and equipment erectors. 

There has been distinctly better operator morale at the outdoor 
station. Operators prefer the outside duties, often resisting 
transfers to assignment on which they will be required to work in 
enclosed areas. 

One objection frequently raised to outdoor stations is the ex- 
posure during overhaul and repair. Our experience has been 
that some form of temporary portable housing is essential but 
quite satisfactory. During initial alignment of the units such 
housing is necessary to prevent uneven expansion from uneven 
solar heating. After erection, the shelter can be set aside, but 
yet used to enable any necessary maintenance work to be con- 
tinued during unfavorable weather. We do not believe that any 
walk-in enclosure is desirable because it would provide no protec- 
tion which cannot be obtained in a weatherproofed unit, yet it 
presents the same problems in ventilation and much the same ex- 
posure to hazard from fire and accidents as in fully enclosed 
stations. 

We believe that the outdoor station design is a natural step in 
the development of the central station. The first electrical ap- 
paratus was all housed, but as designers and manufacturers im- 
proved equipment, advantage has been taken of the economy, 
reliability, and safety which may be gained by moving the generat- 
ing, transforming, and distributing stations outdoors. 

We concede that at some station sites, the problems of noise 
control may be serious enough to practically eliminate the pos- 
sibility of outdoor stations. In other areas where low tempera- 
tures are encountered the outdoor station may seem unsuitable, 
but it is often possible to use outdoor boilers and turbine-gen- 
erators and yet enclose the area beneath the turbine deck at com- 
paratively small cost, thereby providing a protective enclosure for 
most of the auxiliary equipment. 

Our experience with the outdoor station has been so successful 
that we are incorporating it to the limits of feasibility in two new 
stations now under construction. 


C. C. Wuetcue..'' The Pittsburgh Steam Plant, consisting 
initially of four units, is scheduled to go into operation during the 
spring and summer of 1954. It will be a so-called full-outdoor 
plant. The estimated gross normal operating station capability 
will be 600,000 kw, making Pittsburgh the largest steam-electric 
generating station in the west. The estimated cost of the plant, 
excluding the high-voltage switchyard, is about $120 per kw of 
plant. 

The weather at this site is mild, with dry summers, and a rainy 
season averaging about 20 in. per year extending from about 
November through April. The major problem is expected to 
come from wind and dust, but the dust will be minimized by 
planting and yard paving. 

1! Chief, Steam Engineering Division, Pacific Gas & Electric Com- 
pany, San Francisco, Calif. Mem. ASME. 
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This very brief discussion will be limited to the general arrange- 
ment and the outdoor features. 

The turbine-generators, except for the head end, are out in the 
open. The boilers are protected only by an umbrella-type roof 
extending some 9 ft below drum center line. The principal en- 
closure contains the control room and firing aisle. The protected 
areas under the boilers and the turbine pedestals also provide 
economical space for enclosed location of some equipment. 

The four turbine-generators are set in parallel with axes nor- 
mal to the boiler drums, resulting in a minimum piping distance 
from boiler to turbine. The turbines project from a combination 
auxiliary equipment bay and firing aisle, with the governor ends 
of the turbines thus being located inside the auxiliary bay-firing 
aisle area and accessible to the operators. This feature eliminates 
the need for the typical walk-in weatherproof enclosure on the 
governor end of the turbine but a walk-in enclosure is installed 
over each exciter. 

The central control room for the four units is located between 
units Nos. 2 and 3 in the enclosed combination firing aisle and tur- 
bine operating area just discussed. 

The turbine-generators are serviced by a 60-ton semigantry 
crane, having access also to the high-pressure feedwater heaters, 
to the spur track, and to an open lay-down area at grade adjacent 
to the machine shop. During construction and when required for 
maintenance on a turbine-generator, a mobile canvas shelter on an 
aluminum tubular frame is provided. 

Fans are located outdoors on the ground behind the boilers, 
with two forced and two induced-draft units per boiler. 

While the Pittsburgh Steam Plant would be designated as a full- 
outdoor plant, the over-all design has attained a considerable de- 
gree of enclosure for operators and certain equipment by taking 
full advantage of numerous structural situations where low-cost 
enclosure could be made at desirable points. 

The arrangement of the Pittsburgh plant is the end result of a 
continuous effort by PG&E to build stations that are economical 
from the standpoint of investment, and operating and main- 
tenance costs, At this plant the largest item of saving came from 
the decision to make this a completely outdoor plant—the first 
such plant on our system—although we have a number of other 
outdoor boilers. Along with this the decision to rearrange our 
turbine-generator layout from the in-line or common-axis arrange- 
ment greatly reduced piping and electrical costs. The total 
savings for the outdoor over a masonry-enclosed arrangement 
plus the improved turbine-generator arrangement was estimated 
at between $1,000,000 and $1,500,000. 

We cannot as yet fully evaluate the effect of the outdoor tur- 
bine arrangement on possible operating and maintenance prob- 
lems and costs, but we anticipate that the plant will be a prac- 
tical and simple one to operate and maintain, and that over-all 
operating costs will not be increased by the outdoor features. 


J. W. Kecx.'* We have eight major plants with a total of 21 
units installed. Of these units, ten are conventional indoor 
plants, three semioutdoor plants, i.e., outdoor boiler, two are 
something between semi and full-outdoor, having a low steel 
enclosure over the entire turbogenerator, and five are full-outdoor 
plants. With one exception, the indoor plants were built prior 
to 1940, the semioutdoor plants were built in the period 1942- 
1946, and since 1948 eight units have been built in progressive 
degrees of full-outdoor construction. (One indoor plant was 
built in 1948 in an existing building. ) 

Over the years we have averaged about one hurricane per year 
on our system and, depending on the path of the storm, one or 
more plants might be affected. The older indoor plants have, of 


13 Superintendent of Generating Stations, Florida Power & Light 
Company, Miami, Fla. Mem. 
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course, weathered more storms than the newer plants and two | 


of our newer outdoor plants have not yet been exposed to storms of 
hurricane force. 


With the exception of several auxiliary motor failures in two of mt 


the early semioutdoor plants, we have had no plant shutdown ~ 
during hurricanes as a result of design features of either indoor, 
semioutdoor, or full-outdoor construction, and our operating ex- 


perience indicates that the three types properly designed are me 


equally reliable under hurricane conditions. 
The last hurricane affecting our system occured in October, 


1950, when three plants in the Miami area were exposed towinds 
approaching 125 mph. Four outdoor units, one semioutdoor — 
unit, and five indoor units were involved. Allthreeplantsareon, _ 


or near, the ocean and there was considerable wind-driven rain — 
and salt spray. One plant was shut down by salt spray on the | 


outdoor switchyard which, though protected by a nearby build- fo. 


ing, is less than 100 yd from salt water. The other two plants — 


continued to operate, though at reduced load occasioned by lossof __ 


transmission and distribution lines. 
In the earlier versions of the outdoor plant, it was necessary to — 


adapt much equipment for outdoor use, such as turbines, exciters, = 


motors, instrument panels, ete. Co-operation between the de- 


signer and manufacturers has eliminated the need for adaptation _ ps 
and, in general, equipment for outdoor use is readily available 


today. 


We have several types of enclosure for the turbine and gen- ‘ % f 
erator, but as a result of our experiences have now standardized 
on small walk-in enclosures for the governor end of the turbine — “ih 


and the exciter end. 


C. W. The request for information on operating diffi- 
culties with outdoor plants in dust storms posed a problem, since © 
we found it difficult to discover any serious cases of trouble that — 


could be traced to dust storms. From three to five years of experi- 


ence with outdoor steam-electric generating stations in West Texas, 
during one of the worst droughts in history, has definitely shown 
that no serious operating or maintenance problems are caused by 
dust or sand storms. It is very likely that had these stations 


been completely enclosed, the dust and sand nuisance would Pes ; 


have been worse, since dust and sand would have accumulated in _ 
the enclosed areas. i 

Aside from the nuisance of these dust or sand storms we have — 
not found any distinction between operating an indoor or outdoor 
plant under these conditions. The key operators are in an air- — 
conditioned control room and others are in sheltered areas. Clear — 
glass goggles are available to assist operators in seeing properly 
while inspecting equipment during a severe sand storm. 

Good housekeeping is necessary in any plant whether indoors or _ 
outdoors. The following minor problems have come up in out- — 
door stations which would also occur in an indoor type of plant 
located in areas where dust storms are prevalent: 


1 Leaky oil seals on motor bearings will result in an accumu- 
lation of oily dirt on the motor windings. Pressurizing these 


seals eliminated the problem. 
2 Grease and oil on valve stems, regulator-valve stems, and 


reciprocating pump shafts, ete., will catch sand or grit and result __ 


in more rapid wear and leaky packing. 
3 Some sparking and more rapid wear of brushes on com- 


mutators and collector rings have been noted during severe sand -) 
storms, especially so in one case where a high wind blew dustinto 
the exhaust-air duct from the exeiter hood. This was corrected _ 


by modifying the exhaust outlet. Protection of exciters is such 
that they are as well enclosed as in indoor plants and the dust 


18 Superintendent of Power, Texas Electric Service Company, Fort __ Bs, 


Worth, Texas. 
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nuisance has not had any more effect on this equipment than if 
the machine had been indoors. 

4 During maintenance, severe dust storms may stop work on 
exposed machinery, which must be covered to protect bearings, 
journals, and open oil lines from sand. Careful cleaning of such 
parts afterwards is very important. 

5 Auxiliary power-switch cubicles should be made dust-tight. 

Summarizing our experiences, we have not had any operating 
problems that could not have been prevented by good house- 
keeping. 


H. G. Himsever.* The Houston Lighting and Power Com- 
pany is now operating at two plants six completely outdoor unit 
installations totaling over half a million kilowatts in capability, 
ranging in size from the two 60/66 mw preferred standard ma- 
chines which went into service at Greens Bayou in 1949, to the two 
80/100 mw units completed there this year. In addition, there 
are on the system four outdoor steam-generator installations of 
135-mw total rating serving two indoor and two semioutdoor 
(covered) turbine-generators. The first of these, a 25,000-kw 
unit at the Gable Street Station, has been in service almost 15 
years and one at another plant for over 10 years. 

Under construction or in design are four major capacity addi- 
tions, two 80/100 mw units for the new Webster Station sched- 
uled for initial operation in 1954 and 1955 and two 125/156 mw 
Joppa-type reheat machines, one for completion in 1955 as an ad- 
dition to the Deepwater Station, and the other for 1956 for the 
new Sam R. Bertron Plant. All, with the exception of the Deep- 
water extension, will be of completely outdoor design. The 
Deepwater machine will be installed in an extension of the present 
turbine room in order to utilize existing crane, circulating-water 
tunnels, and other facilities, and to simplify operation of the com- 
bined plant. The steam generator and its auxiliaries will be out- 
doors. 

When this expansion program is completed in 1956 total out- 
door plant capability will approximate 900 mw and the outdoor 
boiler plant 1200 mw. All of the newer and about 85 per cent of 
total system boiler capacity will be outdoors as well as almost 60 
per cent of the total installed turbine-generator capacity of one 
and a half million kilowatts. The reliability of the outdoor plant 
has necessarily been carefully considered by our engineers and 
operators. 

While the mild climate of South Texas may be thought more 
favorable to outdoor operations than that of other sections of the 
country, changes of weather there are often sudden and accom- 
panied by squalls with high winds and driving rain. The warm 
southerly winds from the Gulf contribute high humidity and, at 
certain seasons, fog. Heavy tropical deluges are not infrequent 
and annual rainfall is in excess of 40 in. Hurricanes occasionally 
whip through the area. 

The operating experience with the outdoor equipment has not 
been substantially different than that at the indoor stations. A 
few failures of splashproof motors in outdoor service have been 
experienced due to moisture; but on all installations prior to 
1950 the only motors available were inadequate adaptions of in- 
door designs. Details of the difficulties in this regard have been 
previously reported.“ Manufacturers have developed and now 
offer greatly improved weatherproof designs for outdoor applica- 
tion with well-protected ventilation openings, air filters, and ade- 
quate heaters. 

To combat dampness and prevent condensation on sudden 
atmospheric temperature changes, all outdoor motors are pro- 


4 Superintendent of Power, Houston Lighting and Power Com- 
pany, Houston, Texas. Mem. ASME. 

4% ‘The Outdoor Power Station in South Texas,”” by H. G. Hiebeler, 
presented at ASME Fall Meeting, Chicago, Ill., Sept. 8-11, 1952. 
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vided with heaters to be turned on when a motor is not in service. 
Some cf our motor troubles are believed due to the operator’s 
failure to observe this precaution where this operation is a man- 
ual one. However, similar protection is also required or desira- 
ble in our climate for motors and electrical equipment in all but 
a few locations even in the indoor plants. 

Since the heaviest loads and highest outputs of the system 
come in summer due to air conditioning, irrigation pumping, and 
other seasonal loads, the maintenance falls into an, October 15 
through mid-May period. This usually involves some cold and 
rainy weather which may slow the work slightly but has never 
stopped it. The majority of these days are actually the most 
favorable of the year for outdoor activities. 

An unscheduled test of the ability to do maintenance under 
extreme weather conditions developed when on January 29, 1951, 
a generator-coil insulation failure occurred on one of the 60/66 
mw units at Greens Bayou. This was not due to outdoor opera- 
tion. The wet freezing sleeting ‘‘Norther’’ on at that time con- 
tinued over 120 hr to establish the longest continuous period of 
subfreeziny temperatures ever reported by the Houston Weather 
Bureau. During that time, under protection of a temporary tar- 
paulin-covered canopy, the exciter and generator-end bells were 
removed and the field was pulled to allow examination of the 
windings. Sleet, coating the trolley wires of the gantry crane, 
delayed work several hours. The generator was down about four 
weeks for replacement of 18 coils. The work proceeded day and 
night under tarpaulin covers with space heaters being used to pre- 
vent sweating. As this difficult job was accomplished under the 
most adverse conditions the operators are now confident of their 
ability to handle any foreseeable future maintenance problem. 

The completely outdoor plants here have been tested by only 
one hurricane of comparatively short duration, although the older 
outdoor boiler units have experienced major storms. Heavy 
driving rains give frequent fairly complete short-time tests. No 
difficulties have been experienced. Of course, the indoor stations 
during a tropical storm are not exactly as snug and tight as those 
who have not enjoyed such experience might imagine. Large 
ventilator windows necessary for summer cooling are almost im- 
possible to make tight against rain and 100-mile winds, and in 
consequence water may be showered down on equipment not de- 
signed for such contingency. 

Some extra and more frequent painting is required by the out- 
door plant if protection and appearance are to be maintained. 
Valve stems and similar parts present corrosion problems. The 
extra costs here are offset by building and roof-maintenance 
savings. 

The individual operators and maintenance workers generally 
prefer assignments at the outdoor stations. The supervisors also 
favor these plants. When comparing semioutdoor, completely 
outdoor, and the outdoor units with walk-in turbine-end en- 
closures, all of which we are operating, there is practically 100 per 
cent preference in all ranks for the totally outdoor arrangement. 
It was, however, found desirable to add walk-in enclosures over 
the standard roll-away exciter housings of the original Greens 
Bayou units although no trouble actually developed from lack of 
them in three years of operation; and this will be standard prac- 
tice hereafter. 

Our organization has been well satisfied with the reliability of 
results from, and experience with, the outdoor plants to date. As 
stated, plans for the future include a 125/156 mw outdoor in- 
stallation for the new Sam R. Bertron Station. As the first unit 
there, it defines, in general, the character of future design for this 
site which our engineers estimate has an ultimate possible capacity 
of over a million kilowatts. It is believed that above anything 
else this confirms the satisfaction of our engineers, opens and 
the company management with the outdoor plant. 
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Paut Biancuarp.” Utah Power & Light has 425,000 kw in- 
stalled capacity of which 245,000 kw is in steam. It has under 
construction two steam plants to add 166,000 kw within the next 
18 months. 

Temperatures in the area average a little over 50 F with a 
minimum of minus 35 F. The average annual precipitation is 16 
in. including an average of 54 in, of snow. Wind averages 8 mph 
with maximums of over 50 miles per hour. Under such weather 
conditions,, the first outdoor boiler has operated since 1936. 
Three more outdoor boilers have been completed and two addi- 
tional ones are under construction. 

An outdoor boiler installation materially reduces the first cost 
of a plant by eliminating a large section of building, together with 
accessories such as heating, ventilating, and cleaning equipment. 
Operating costs are reduced by eliminating building maintenance 
and power for heating and ventilating equipment. Savings ex- 
ceed the additional cost of an outdoor boiler with the necessary 
weather protection, such as steam or electric tracing and water- 
proofing. The convenience and accessibility of an outdoor boiler 
outweigh any disadvantages due to inclement weather. Person- 
nel have been well pleased with operating conditions. 

With ali the advantages just mentioned, there are still some 
difficulties that must be solved before satisfactory operation can 
be maintained. 

Freezing weather is the principal problem encountered. In 
subzero weather safety valves, blowdown valves, water columns, 
air lines, control lines, and many drain lines, have frozen at one 
time or another, even though every effort had been made to have 
these items insulated and traced. 

The results of a good stiff breeze in subzero weather are unpre- 
dictable. Water columns have been frozen within 2 ft of a steam 
drum even when heavily insulated. Any openings in the protec- 
_ tive covering may result in frozen lines even when tracing is in 
service. Steam escaping from a safety valve or vent line can be 
condensed and frozen so fast that the vent can actually be sealed 
closed. 

Steam or electric tracing is used on all accessory equipment. 
Steam tracing is usually turned on and off seasonally. Some 
tracing lines vented to atmosphere are controlled by throttling to 
keep a small plume of steam at the end of the line at all times. 
This system is generally used with small */:, or */;-in. copper 
tubing on short runs where the operator can see the end of the 
tracing line from the control point. 

Other tracing lines are drained by means of a steam trap. Such 
systems are generally used with */, to '/:-in. copper tubing and 
impulse traps. An impulse trap has a safety feature in that it 
usually fails in an open position. Care must be taken to avoid 
pockets where condensate might collect and freeze. 

Electric tracing cannot be used on drain lines from superheaters 
when high temperatures are encountered during part of the time. 
Electric tracing is generally easier to maintain than steam tracing 
and has the added advantage that at very little cost a contact- 
making thermometer can be used to cut it on or off automatically 
at any desired temperature. 

Large lines, 6 in. and over, are usually protected by spiraling 
copper tubing or heating cable around the pipe inside the pipe 
covering. Smaller lines can be protected by paralleling the 
pipe with the heating element. Lines, 1 in. and under, can 
often be grouped and wrapped with a spiral heating element and 
then the whole group enclosed in a pipe covering of an appropriate 
size. Care must be taken to see that control lines requiring con- 
stant head, such as water-level controls, are not in contact with 
some hot drain line that would affect the water density. Varia- 
tions in boiler-water level due to this phenomenon have occurred. 

1% Manager of Steam Plants, Utah Power & Light Company, Salt 
Lake City, Utah, 
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Control air is carefully dried so that freezing due to condensa- 
tion is reduced to a minimum. 

Electric space heaters are used to protect a full boiler when it is 
down for maintenance during freezing weather and it is necessary 
to work in the gas passes. Electric strip heaters are used in 
totally enclosed motors and in pneumatic controllers to avoid 
condensation and freezing. 

We are thoroughly satisfied with outdoor boilers and have had 
no insurmountable problems due to the outdoor installations. 


R. A. Rem." The F. W. Bird Plant of The Montana Power 
Company at Billings, Montana, is the farthest north of any out- 
door plant built to date. The plant went into operation on 
December 1, 1951. An outdoor plant embodying the design 
features of this plant is satisfactory for the severe climatic condi- 
tion of the Montana area. 

There have been very few instances where working conditions 
would have been improved by having the boiler and turbine en- 
closed, and after two years of operation we feel additional expendi- 
ture for enclosure would not be warranted. From an operating 
standpoint, the personnel prefers the outdoor boiler because of re- 
duced heat, less noise, and fewer cleaning problems encountered. 
The fact of the installation being outdoor type has not affected 
the operator pay scale or required additional operators under any 
conditions experienced—in fact it is believed that with the out- 
door design fewer personnel are required. Normal maintenance 
has not had to be deferred because of weather conditions so far. 
Major outages are scheduled during mild weather. Although 
during overhaul of the turbine there could be times when certain 
phases of the work might have to be postponed for a short time 
due to inclement weather, there usually is enough other work go- 
ing on so that the outage schedule would not have to be prolonged 
by having to wait for the weather to improve. 

On the point of the relative cost of maintenance in comparison 
with an indoor plant, we doubt if cold weather, while admittedly 
disagreeable, is much of a handicap or that it increases the main- 
tenance cost: Men are more productive in cold weather than 
under hot conditions. The cost of rigging canvas enclosures is 
not excessive, due to sufficient structural steel members around 
the boiler from which temporary enclosures can be hung, such as 
for soot-blower maintenance, and the like. As for maintenance 
inside of the boiler proper, the stored heat is sufficient for two or 
three days’ work even in the coldest weather. Outdoor painting 
costs may be increased somewhat but probably will be offset by 
the fact of not having extensive turbine and boiler enclosing struc- 
tures to paint. 

Inasmuch as this plant was the first one designed for the Mon- 
tana weather conditions, which have the most extreme temperature 
conditions of any outdoor job to date, initial troubles were ex- 
perienced at a number of points, which have been corrected. The 
principal items of this kind were: 

Trouble was experienced with retractable soot blowers due to 
inadequate piping drainage coupled with insufficient heating 
cable and pipe insulation. The piping drainage was modified and 
additional electrical heating added. 

Trouble was encountered during winter months with traps 
freezing up. The fuel oil lines to the day and oil storage tank are 
steam traced. The line also furnishes steam for the suction 
heaters and floor heating coils in the main storage tank. The 
traps and return lines were exposed with the condensate going to 
waste. Frozen traps had to be thawed with blow torches. 

The drains from the boiler safety valves were originally piped 
several feet. In mid-winter these drains froze and ice formed on 
the discharge side of the safety valves, making them inoperative. 


17 Superintendent of Generation, The Montana Power Company, 
Butte, Mont. 


Pind 


fi 


2 
vA) 
= 
i] 
: 
Lae 
alt 
q 
q 
4 
i 
-, 
. 
=| 
Wee 


SYMPOSIUM ON DESIGN 


The drains were shortened so they now contain no more than one 
short nipple and an elbow, which solves the problem. This diffi- 
culty could occur on an indoor design. 

The foreed-draft fans are installed in a plenum chamber with 
Aerofin sectional coil-type heating coils in the walls. During the 
first winter season about 150 leaks occurred as a result of frozen 
tubes occasioned by improper condensate-return piping. The 
condensate returns from all heating coils, unit heaters, and aux- 
iliary headers terminate in a common condensate tank. Leaky 
traps caused pressure to build up in this tank which, in turn, re- 
tarded the free flow of condensate from the heating coils. This 
piping has been changed to eliminate the back pressure. 

For prolonged shutdowns in cold weather, the boiler is com- 
pletely drainable, but when it is desired to leave the water in the 
boiler, salamanders are used to maintain temperatures above 
freezing. Stand-by electric power is necessary to supply electric 
tracing and to operate the gas-fired house boiler used for building 
heat, tracing on the condenser hot well, and instrument piping 
tracing. Because of limited capacity of the house boiler, equip- 
ment taking load from it must be operated at reduced ratings. 

Flue gas-sampling lines to the orsat froze on occasions when 
temperature dropped to the dew point. Considerable trouble 
was experienced with this until an electric air heater was installed 
which blows heated station air through the orsat lines back into 
the boiler when they are not in use sampling gas. 

The control valve which admits steam to a heater jacket to 
control the fuel-gas temperature to the gas-metering house be- 
came inoperative during cold weather because it used steam as a 
valve-operating medium. It has been replaced. The new type 
uses gas as an operating medium. 

The outdoor Foster-Wheeler steam generator has heated walk- 
in enclosures at each end of the single boiler drum. Instrument 


piping from the drum to the firing level is enclosed in insulated 


ducts containing the water column and gage-glass drains, drum- 
level indicator, recorder and controller lines, drum-pressure gage 
line, continuous blowdown and water-sampling lines, steam- 
sampling lines, and chemical feed line. The ducts are heated by 
radiation from the steam supply and condensate return lines of 
the unit heaters in the walk-in drum enclosures. A freeze-up 
oceurred when the unit-heater blowers were inadvertently left 
off. This damaged a bourdon tube of the drum-pressure gage. 
The feedwater contrel was put on hand until the ducts could be 
heated and the lever controller was again made to function. 

Cold air pulled through a building vent in the cable vault under 
the contro! room froze some instrument lines. This has been 
remedied by closing off the outside vent. 

The soot-blower steam pressure-reducing station is located in 
the forced-draft-fan room and has a Fisher valve for pressure 
reducing. This regulator froze during an outage in mid-winter 
causing the bourdon tube in the controller to rupture. In case of 
future subzero outages, the normal air inlets through the heating 
coils will have to be covered with tarpaulins, and this area heated 
either from the main building with salamanders or with unit 
heaters. 

The induced-draft-fan inlet and outlet damper-control drives 
and fuel-gas control valve are located outside. The control air 
lines to this equipment are unheated and depend upon the silica- 
gel to maintain the dew point below ambient. One case of 
icing in the induced-draft-fan inlet damper-control-drive pilot 
valve caused faulty operation. This will be overcome by addi- 
tional heating of the silica-gel in the air driers. The composite 
drain header from superheater, economizer, and extended surface- 
boiler headers froze because it was unprotected. It had to be 
thawed with blow torches. Damage to the superheater tubes 
could result from this type of freezing in case of loss of load. 
as Considerable difficulty was experienced with the induced-draft- 


FOR AND OPERATING EXPERIENCE WITH OUTDOOR: POWER PLANTS _ 689 


fan inlet and outlet dampers due to sticking. The original de- 
sign and the cold temperatures encountered were contributing 
factors which caused corrosive flue-gas deposits to build up be- 
tween the damper shaft and bearing spacer causing the vanes to 
bind. The damper shaft became immobile to such an extent that 
drive arms were bent on a load rejection and the connecting shaft 
between dampers sheared all universal bolts. The trouble was 
remedied by removing the pipe-bearing spacer and substituting 
a stuffing box with two rings of packing. 

Expansion joints in the exit-gas ducts show signs of considera- 
ble corrosion. These are uninsulated and consequently in cold 
weather severe condensation is experienced. It is planned to 
insulate or heat. these joints in question. 

The first winter’s operation of this first steam plant on a pre- 
viously all hydro system presented some difficulties for operating 
and maintenance personnel with no previous steam experience. 
However, an outdoor plant in this climate is practical. The 
problems encountered were mainly due to lack of previous design 
experience for Montana weather conditions and operating inex 
perience. It is believed that our difficulties have been overcome. — 


T. M. Morona,® C. T. ann J. O. Ricu, Jr.» The 
Southwestern location of our system, in a region having around 
300 days per year of sunshine, led to the early consideration of an 
outdoor design. After a year and a half of operation, the decision 
to construct Kyrene as an outdoor plant has been well justified 
from all major aspects of design and performance (Fig. 15). 

The basic thought underlying the design was to erect a plant 
for the optimum ultimate economy. Consideration was also 
given to the extremes of temperature in this locality, the range 
at times being from 20 to 120 F. Direct radiation during the 
summer increases the upper limit of this range to 140 F. Periodic 
rains of torrential intensity and heavy dust storms also shaped our 
thinking. 

All the recognized advantages of outdoor construction were 
realized at Kyrene. A savings of $6 to $7/kw resulted from the 
outdoor construction. A 50 per cent decrease in operating per- 
sonnel was realized over an older installation of slightly smaller 
capacity. This latter fact is attributed to the two main features 
of the plant: (a) Compact arrangement, yet with ease of acces- 
sibility to all of the equipment; and (6) the use of completely — 
centralized instruments and controls. PY 

Plant-Design Features.*! The main plant design departed 
slightly from a completely outdoor design, the first of these de- 
partures being a curtain wall enclosing all of the major auxiliaries 
below the turbine deck. This curtain wall is of lightweight con- 
crete block, reinforced for earthquake resistance. Such an ar- _ 
rangement provides adequate climatic protection, both from | 
rain and dust. It also assured a minimum building volume fo 
the plant. Several other advantages resulted from this design. 
We were able to use standard indoor equipment, both for aux- _ 
iliaries and auxiliary drives. It was also possible to climinute 
the necessity for exterior administration and service buildings on 
the site. The superintendent’s office and control room ar 
located on the turbine deck. Mechanical, electrical, and instru-— 
ment repair rooms and laboratory are all included in the enclosed 


tremely clean and dust-free plant, since there are no below-dec 


18 Chief Engineer, Salt River Power District, Phoenix, Ariz. 
Assistant Chief Engineer, Salt River Power District, 
Ariz. Mem. ASME. 

% Superintendent of Steam Plants, Salt River Power District, 
Phoenix, Ariz. Mem. ASME 

% Plant descriptions in Combustion, October, 1952, and in Elec- _ 
trical West, August, 1952. 3 
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windows. This enclosure also gave us the advantage of better 
maintenance conditions for the day-to-day work on station aux- 
iliaries. 

The boiler firing aisle is at the deck level adjacent to the con- 
trol room. It is completely enclosed for climatic protection. 

The 30,000-kw turbine-generator located on the deck or roof of 
the enclosure has the control end of the turbine in a steel house. 
The balance of the turbine and the generator are the manufac- 
turer’s standard outdoor design. This particular arrangement 
was the intermediate design of the manufacturer prior to the 
completely outdoor turbine. Delivery problems prevented our 
use of a completely outdoor design. A second unit, rated at 
60,000 kw, is now under construction at this location. | 
bine-generator is a complete outdoor design. 


Operating Experience. 

Below Deck Enclosure. 

The small below-deck enclosure has shown itself to need con- 
siderably more ventilation than would normally be required in a 
volume of this size. The incoming heat load per unit volume is 
high with much radiant pickup from windows and building walls, 
as well as from the boiler and other thermal vessels. The venti- 
lating-equipment duty is therefore higher than would be needed in 
a conventional power building. High ambient temperatures were 
experienced in the switchgear room and resulted in some relay 
trouble. Additional ventilation of the switchgear was required 
to correct this. The operators experienced some discomfort in 
going from a completely air-conditioned control room at 70 F into 
a station ambient of 100 F. The station hot spot proved to be a 
stair well with several windows at the top. 

These problems were solved by the installation of additional 
ventilating equipment and by the removal of some windows to 
decrease the radiant-heat load. This latter move is, of course, 
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effective only in the summertime. 
period of the highest solar-heat load. 


1956 


But this is, of course, the — Be 


Turbine Enclosure. The present housing has proved incon- 


venient during repairs. It is difficult to dismantle and re erect at 
time of turbine outages. ‘ 
store it at such times. The enclosure requires considerable forced — 
ventilation and adequate air filters to maintain any degree of — 
cleanliness. As previously mentioned, the second unit now be- 
ing installed at this station has no such enclosure. 4 
Enclosed Firing Aisle. The aisle is small in volume with a high | 
ambient temperature. 
the burner fronts. 
tilating equipment and the rate of air change in the area. A 


Valuable lay-down space is required to _ 


There is a great deal of radiation from = 
It was found necessary to increase the ven- _ 


more adequate form of boiler-front insulation is required. We | 


feel the advantages of the enclosed firing aisle outweigh any of © 


the disadvantages mentioned here. 

General Operating Experience. 
an outdoor plant should give considerable attention to the ccaling 
of combination slabs used both as a floor and a roof. 


Anyone designing and building _ pe 


tion is used under a wearing deck on a roof slab, such insulation ed 


should be rigid, such as perlite concrete, foam glass, or a silicate- 
type insulation. 
sealed with a cast-in-place rubber water stop. These joints 

should be checked periodically for deterioration and kept 7 
calked. 


The outdoor installation of our chlorinator presented some _ 
Extreme 


problems because it was basically an indoor type. 


All construction and expansion joints should be — Na 


climatic temperature changes resulted in some reliquefaction and 


damage to the expansion-valve seat. Additional insulation of 7” 


exposed lines corrected this problem. Japa 


Painting this type of plant in our Arizona climate also has its” 
problems. Thermal vessels subjected to internal heating have £ 
short paint life when exposed to direct sunlight. We are = 
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¥ experimenting with a number of paints as a means of solving this 
problem. 

i. Weatherproof pipe insulation was used on all exposed piping. 
Repairs to the weatherproofing must be made as soon as the 
trouble is noted. The deterioration of the inner insulation is 

rapid once the weatherproofing is broken. 

: It was found necessary to acoustically insulate the main gas 

line where it passes adjacent to the chemical laboratory. The 

small building volume also resulted in some uncomfortable tem- 

= peratures in an office adjacent to a pipe chase. Increased venti- 
lation of the chase corrected this. 

During major turbine outages, it is necessary to secure and 

- protect all dismantled parts to a greater degree than would be re- 
quired in a conventional station. 

We have found that the extreme-temperature variations have 

resulted in more colds and an increase in time off for operating 

personnel, over an older conventional installation. 

k “a The operators’ satisfaction, however, is very high at this plant. 

i ot Operators have turned down chances for advancement when such 
ahh advancement required their returning to an older conventional 

t Pas installation. Supervision at the plant also feels very satisfied 
with the design and operating experience to date. We have also 
had a good reaction from our maintenance personnel, working 

= both indoors and cutdoors at this location. 
Management is well pleased with the operating experience and 
costs at this plant. It is convinced that the curtain-wall protec- 
tion of auxiliaries is paramount for successful operation of out- 

_ door plants, rather than the somewhat stylized refinery-type 

outdoor plants in other locations. Satisfactory operation also re- 
quires adequate supervisory instrumentation for remote checking. 

“Sx $a It is also felt by management that the cost of adequate centralized 
-_ gontrols has been well worth the investment in reduced personnel 
requirements. The fact that we are building a second unit of this 

type is good evidence of our over-all satisfaction with outdoor 
plants. 


J, A. Inwrieur.*? Four units are in service at Sewaren; two 
went in service in 1948 (one in November and one in December), 
one in October, 1949, and one in July, 1951. The units are as 
follows: 
No, 4—125,000 kw (reheat ) 
Each is served by its own boiler with no cross connection between 
units. 
+ on The boilers are of semioutdoor construction. 


The furnaces 
os ? the gas passages are outside. Certain mechanical equipment is 
outdoors, such as air preheaters, forced and induced-draft fans, 
and preeipitators. The combustion control is pneumatic. The 
es soot blowers are air-operated, air-controlled. Some of these are 
of doors. 
With this amount of outdoor equipment, certain conditions 
must be watched. The air for combustion control and for con- 
trol of the soot blowers must be dry. Driers remove moisture in 
the air to insure that there will be no freezing down to —40 F. 
_-‘The air is periodically checked for dew point to make sure of 
this. 
"The bearings of the forced and induced-draft fans are air- 
a cooled by drawing outside air through cored spaces around the 
‘Bs bearings to the suction side of the induced-draft fans. This has 
found to be sufficient. 


Superintendent, Sewaren Generating Station, Public Service 
Electric and Gas Company, Sewaren, N. J. alot 


Since the superheaters are of the pendant type and cannot be 
drained, the temperature within the superheater bank is watched 
closely during overhaul periods in extreme cold weather. Some- 
times warm air is blown into the furnace by erecting a steam coil 
and blower at the furnace access door. 

Oil for use in the outdoor equipment is specified to have the 
proper viscosity at low temperature. The same oil is used sum- 
mer and winter and has been found satisfactory for ring-oiied 
bearings and in the hydraulic couplings. 

Most of the time, the outdoor equipment can be easily main- 
tained. At times wind breaks made of tarpaulins have been re- 
quired to protect the men. It has been found that in extremely 
cold weather it takes two to three times as long to do close tol- 
erance work such as lining up rotary equipment. 

There is a considerable amount of exposed steel which must be 
painted both for protection as well as looks. Experience with 
this has been limited because of the short period of service. 

In the five years the plant has been running, there has been only 
one time when the temperature was below freezing for a long 
period of time. This was in February, 1950, when the average 
temperature was about 24 F for 12 days. The minimum tem- 
perature during this period was 8 or 10 F. An extended outage 
of No. 1 unit included this period. It was possible to schedule 
the work so that the effect of the low temperature on the over-all 
maintenance work was negligible. 

Because the forced-draft fans are outdoors the air-heater inlet 
temperatures are controlled to reduce fouling. This is done by 
recirculation in three of the boilers and by heating the inlet air 
with steam in the fourth boiler. When burning oil even with 
these precautions, the air heaters have to be washed several times 
a year. 

The operators who handle the equipment are stationed inside, 
but make periodic inspection trips outside and visit each piece of 
apparatus. The temperatures of the bearings and motors are 
remotely indicated in the control room. 

All in all, for this area and its weather conditions, operation 
with semioutdoor construction is satisfactory. 


J. B. Saxe.** This subject is extremely pertinent as it con- 
stitutes the most important means of combating the inflationary 
rise in the cost of power-plant construction. While little can be 
done to reduce costs in many components of the power plant, en- 
gineers have been able to assume control of the situation to a 
limited degree by minimizing the structure and placing some oi 
the equipment outdoors. 

There is no question but that a substantial saving in first cost 
can be achieved by so doing. The savings will vary widely de- 
pending on the basis of the comparisor., that is, whether the en- 
closure to be eliminated is corrugated asbestos or brick exterior 
and tile interior, but appear to revolve around a figure of $5 to $7 
per kilowatt of capability. 

Even with some increased maintenance and inconvenience, a 
saving on this order is most attractive. It would therefore be of 
greater interest, instead of discussion whether equipment should 
be placed outdoors, to discuss the extent to which it should be 
placed outdoors. 

Examination of the source of the savings reveals that most of 
the gain comes from placing the boilers and heaters outdoors. In 
its essence, the saving consists in elimination of the siding and its 
supporting girts, of the roof, and of the ventilation, less provisions 
for outdoor operaticn. The boilers and heaters are the major 
dissipators of heat and in southern climates it is practically im- 
possible to provide satisfactory ventilation if they are enclosed. 
The only fully satisfactory means of providing comfort is to elim- 
“93 Chief Engineer, Gibbs and Hill, Inc., New York, N. Y. Mem. 
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inate the enclosure. In locations of considerable precipitation, 
it is necessary to build and take down a temporary roof over the 
boilers during construction. Since the cost of this operation very 
nearly approaches that of a permanent roof, the construction of 
the latter is more logical. In northern climates, enclosure of the 
steam drum still appears desirable. The oil industry has em- 
ployed plastic casings outdoors with results that would not be 
considered acceptable by the utility industry. If a plastic casing 
is acceptable when enclosed and steel-cased setting necessary out- 
doors, a substantial portion of the saving disappears. However, 
there are now some plastic settings on outdoor installations which 
show promise of considerable permanency and it is questionable 
whether such a difference is proper in the comparison. Even in 
the severest climates, there appears to be little justification for 
enclosing dust collectors, induced-draft fans, and tanks. In cold 
climates, facing a hot casing with winter on the back while hand- 
lancing a furnace is not conducive to good health of the operator. 
In such locations, particularly liberal furnaces and ample means 
for cleaning the furnace from a more comfortable spot are im- 
portant. With the introduction of furnace television, a great 
many operations formerly conducted manually at the burners can 
now be conducted safely, remotely from the control room, and en- 
closure of the burners if located at the rear of the boiler no longer 
appears necessary. Electrically driven and controlled soot 
blowers appear to be superior for outdoor installations. The 
problem of cold air on the cold end of the air heater appears to 
have been satisfactorily and economically solved by introduction 
of the steam air preheater. While some of the outdoor boilers in 
northern climates have not yet experienced a really severe winter, 
many of the problems have been solved and such an installation 
appears feasible and economically attractive. 

While considerable structure is eliminated in placing the tur- 
bine outdoors, the saving is relatively small due to the high cost of 
the gantry crane and walk-in housings. So far, attempts to lower 
the cost of these two elements have not been very successful. 
Also only a relatively small amount of heat is dissipated in the 
turbine room and the ventilation necessary is not very costly. 
In warm and arid areas, the taking of this relatively small saving 
appears to be amply warranted, particularly if the climate is be- 
ing promoted and the utility is part of the act. However, in the 
colder and higher-precipitation climates, the operators are incon- 
venienced, and to some extent maintenance costs are increased 
and outages prolonged so that the question as to whether the 
saving should be taken is much more debatable. 

The problems involved in protecting instrument and control 
lines against freezing appear to have been solved satisfactorily. 
Some outdoor installations have experienced excessive repainting 
costs. More attention should be given to this subject and to the 
use of materials which do not require painting. 


M. D. Eneie.* Present economic conditions require that we 
find ways to continuously reduce the unit cost of the facilities re- 
quired to supply electrical service to our customers. This, of 
course, applies to all facilities, generating stations, transmission, 
distribution, and service facilities. 

While it is true that over the past years we have done a good 
job in increasing the thermal efficiency and reliability and in re- 
ducing the number of men required to operate and maintain our 
generating stations, this is not enough. Even though our 
present-day stations, with all these improvements, cost less per 
kilowatt of capacity than the stations of years ago, when we cor- 
rect the present costs for the lower value of our dollars, it is still 
not good enough in view of the fact that our income is in present- 
day dollars which are not corrected for inflation. We must retain 


= Mechanical Engineer, Pennsylvania Power & Light Company, 
Allentown, Pa. Fellow ASME. 


and improve upon these achievements of the past and at the same a 
time find ways to reduce the unit cost of construction. 
As our interconnections are increased in capacity we should 


take full advantage of the possibilities and economics of larger “age 


and larger units. Staggered construction between interconnected 
systems and proper short-term firm power contracts should per- _ 
mit economical financing of the larger-size units. 

The adoption of the outdoor or semioutdoor design of gen- 
erating station also should help materially in finding a way to 
construct the generating stations at a lower cost per kilowatt of 
capacity and many companies are proceeding along this line. e: 

In these semioutdoor stations, by proper design, all of the — 
equipment which needs “‘walk-in’’ enclosures can be enclosed in 


low unit-cost enclosures, and most of the operating personnel also | 


will be located inside. oy 

Feedwater regulators, hp heater drainage controls, evaporator __ 
drainage controls, and other similar equipment, sometimes in-— 
stalled out of doors in such stations, can just as well be located 
inside. 

However, there are many other features of design which should 
be considered seriously and should further reduce the unit cost of 
construction. Some of these are as follows: 


1 The turbine-room basement should only be as far below 
grade as necessary to obtain an economical foundation below the 
turbine-room mat. Many studies have shown that it is not 
economical to lower the condenser just to reduce the head that | 
must be developed by the circulating-water pumps. Neither is 2 
it economical to raise the condenser basement to the operating 
grade just in order to have it at that level. 

2 If the level of the condenser above the water level in the 
river is such that a siphon cannot recover all of this difference in — 


level, then the head which be'lost‘cin be willed to 


the water back to the river at a higher velocity through a smaller _ 
than normal discharge conduit and a worth-while saving in the 
cost of construction can be obtained. 

3 When the condenser is located closer to the operating grade, 
the intake and discharge tunnels do not need to be as far below 
grade and consequently cost less to install. 

4 Reinforced-concrete pipe in place of “formed-in place’’ 
concrete tunnels are usually less expensive. 


5 Most of the industrial buildings constructed today are of 


concrete block. Good-quality concrete blocks have demon- 


strated that they have a long life and are a satisfactory and eco- ; 
It would appear logical there- 
fore that concrete blocks should be considered seriously for the __ 


nomical material of construction. 


principal buildings and enclosing walls at a generating station. 

6 Reinforced concrete silos with offset conical bottoms have © 
been used as coal bunkers for many years and have been found 
very satisfactory. They are more self-clearing than rectangular — 
bunkers, they are cheaper per ton of coal stored, and they also can 
support the coal conveyers and housing above them. It would 
appear that the reinforced-concrete silo is the logical type coal 
bunker for coal-fired steam-electric stations. 

7 While tile floors for turbine roems and boiler rooms are 
much better looking, concrete floors are less costly. 3 


8 A porous crushed-gravel surface for the station yardislow =~ 


in cost, areas that settle can be filled to grade cheaply, and rain — 
water can usually be allowed to seep into the ground below with- 

out requiring an expensive pipe drainage system. It would — 
appear that the same type of gravel surface should be suitable be- — 


low the outdoor boiler instead of the concrete pavement fre- 


quently provided. 

9 A large-capacity caterpillar crane can be used at outdoor 
stations for many purposes in place of permanent steel structures 
and hoists. Some of these are as follows: 


(a) Lifting intake bar racks and 


ag.) 


= 
a 


urge of omitting enclosures. 
therefore vital. 
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(6) Installing and removing stop logs at intake and discharge 
structures, 

(c) Lifting rotors and motors of ID and FD fans. 

(d) Overhaul of outdoor pumps and motors. 

(e) Repair of bulldozers and carryalls and locomotives. 

(f) Repair of car dumpers and coal grids. 

(g) Maintenance of transformer and OCB bushings. 

10 The outdoor steel standpipe, supported at grade, has been 
- found to be an economical means of water storage by most all 
- municipal water supply systems. It would appear to be the 
most economical means of storing service water and condensate 
at steam-electric stations. A fire pump can be installed for any 
_ higher pressures required. 

11 A single-track hopper for unloading railroad cars and re- 
claiming coal from storage can usually be used instead of separate 


pits for the two purposes. 


12 A recent survey has indicated that the capacity to unload 
_ railroad cars by means of a “car shakeout’’ is usually limited by 
_ the capacity of the hopper provided. By installing a track hop- 


per of adequate capacity, the large investment for a car dumper 


might be delayed a number of years or omitted at a new station. 
13. Where the ash-disposal line is not too long, the jet pump is 


___ lower in first cost than motor-driven ash-pump installations. 


14 A single three-phase step-up transformer for the main gen- 


ate oP erator is considerably less expensive than three single-phase trans- 


_ formers and operating experience indicates that the additional 
cost of the single-phase transformers and a spare cannot be justi- 
fied. 

15 Service at 4000 volts to the larger auxiliary motors results 
in lower cost than 2300 volts. 
16 A single 4000-volt bus for each unit seems to be in keeping 
_ with the unit construction used elsewhere in station design. 
_ The economics of a second or third auxiliary bus bears careful 


-serutiny. 


17 Some studies have shown an engine-driven fire pump less 


expensive than a separate source of electrical service. 


_ These few examples are presented only as an indication that 
even after we adopt the outdoor or semioutdoor design of station, 


there are still many features of design that may be changed to 
reduce further the unit cost of construction. 
done. 


It can and must be 


M. K. Drewry.* Cost reduction appears the single impelling 


Evaluation of cost reduction is 


The investment savings in omitting a typical brick wall costing 
$3.50 per sq ft contrast importantly with the investment savings 
when omitting asbestos-cement siding costing 70 cents per sq ft, 


eh $44 only '/;as much. That outdoor design should be compared with 


minimum-cost practical enclosures seems obvious. 
Asbestos-cement siding (“corrugated transite’’ is one name for 


it) has been found to be a practical and desirable boiler-room en- 


closure. For turbine-room enclosure, 1 in. of insulation can be 
justified, causing doubling of the 70-cent cost to $1.40 per sq ft, 
erected. These costs obviousiy de not include supporting steel, 


i to be treated later. 


_ Twenty-five years’ experience in an unfavorable environment 
has proved this material of practically zero maintenance and of 
continued good appearance. The asbestos fibers and the par- 


ticular siding design result in a concrete that is more nearly per- 


- manent than even typical concrete. 
With a maintenance-free weatherproof enclosure protecting the 


_ great area of all boiler-room and turbine-room surfaces, some of 


ris 26 Chief Engineer of Power Plants, Wisconsin Electric Power Com- 
_ pany, Milwaukee, Wis. Life Member ASME. 


_ adjacent walls through which to fight the fire. 
ott 


which are of high maintenance when exposed to the elements, 
long-time structural maintenance costs reach a minimum. 

Boiler casings, containing flue gas of 100 F moisture dew point 
and with corrosive sulphur compounds that condense at higher 
temperatures, though protected to a degree by brickwork and 
insulation, seem vulnerable to the low metal temperatures of the 
outdoors. Walkways and platforms of open grating to avoid 
snow shoveling and cleaning need to be galvanized or equally 
corrosionproofed to qualify for reasonable maintenance. Paint- 
ing of all surfaces needs to be more frequent than for indoor equip- 
ment. Thus there seems a good probability that asbestos- 
cement enclosed plants will prove of considerably lower structura] 
maintenance than will outdoor ones. 

Construction time and temporary construction sheltering 
during winter weather are importantly related to outdoor con- 
struction, at least in the northern states. Experience proves the 
need of sheltering workmen and equipment during construction 
if erection is not to be delayed substantially. The added time of 
erection can vary markedly, which precludes stating any es- 
timates, but possibly some readers are acquainted with 50 per 
cent erection labor efficiency resulting from half the time being 
spent in men warming themselves during coldest weather condi- 
tions. In a recent 120,000-kw installation, $100,000 direct 
saving in using asbestos-cement siding instead of brickwork was 
augmented by very approximately an equal indirect saving be- 
cause of greatly more rapid siding erection permitting enclosure 
before coldest weather. Delays in starting new apparatus are 
usually very costly. 

Heat saving resulting from boiler-room enclosure pays invest- 
ment charges of a substantial share of low-cost shelter. The 
boiler-unit heat-loss difference of indoor and outdoor construction 
of the foregoing case is estimated at */, per cent of the boiler ther- 
mal output. The resulting net coal-cost difference is estimated 
at '/, per cent assuming that this */, per cent greater heat loss 
of the outdoor boiler plant would be replaced by steam extracted 
from the turbine after doing */; of the work it would do other- 
wise. In the case mentioned the capitalized value of '/, per cent 
is $75,000, or 94 per cent of the cost of the boiler-room siding, 
its supporting steel, windows, and roof, as follows: 


Bor.er-Room Enc Losure Costs 
Corrugated asbestos siding. . 
Structural steel (roof purlins, horizontal girts, 

and vertical girt posts) . spe 

Aluminum-frame windows. 
Aluminum coping 
Monolithic concrete roof and parapet walls. . 
Roofing 


$27,000 


$75, 000 (94% 
$80, 100) 


Wall and roof supporting steel is usually integrated with boiler 
unit, access, and other steelwork, minimizing its incremental 
cost. In the case cited practically no columns or beams could 
be omitted upon omission of siding and roof, whereas outdoor 
construction necessitates many compensatory extra costs. 

Simply the boiler-room comparison is cited because there seems 
no adequate inducement to take the long chance of needed tur- 
bine maintenance in mid-winter in this climate without complete 
turbine-room shelter. 

That outdoor construction is a necessary defense against de- 
structive turbine-oil fires may be stated in favor of omitting 
shelter. However, in the foregoing case, shelter costs include 
favorable isolation of the oil system of each unit, effectively per- 
mitting other units to continue in service and helpfully providing 
That this isola- 
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tion system solves the problem better than does outdoor con- 
struction seems a fact. 

Outage time is usually impressibly expensive. An extra day 
per year of the unit mentioned is as costly as $60,000 added 
investment. Thus, if unfavorable weather prolongs outages a 
total of 1'/; days per year, the $80,100 incremental cost for roof 
and walls can be paid, with the heat saving as computed left as a 
net gain. 

That the question of indoor-versus-outdoor power plants is 
one of geography and circumstance probably will never have 
a simple answer is suggested. For northern states our company’s 
experience suggests that inexpensive shelters are well warranted. 
Heat savings paid 94 per cent of their cost in arecent case. The 
substantial gains of importantly facilitating construction and 
maintenance that enhance the availability of the expensive ap- 
paratus are net savings of no little magnitude. 


Ek. C. Gaston.*% The Southern Company system embracing 
Alabama Power Company, Georgia Power Company, Missis- 
sippi Power Company, and Gulf Power Company will by the 
latter part of 1955 and since 1949 have completed 37 new steam- 
generating units with a total capacity of 2,234,000 kw. 

Although this system is located in an area where it might be 
generally expected that outdoor or semioutdoor designs would be 
employed, this has not been the case. At only one location has 
this type of construction been employed, namely, at Albany, 
Georgia, which is in the south-central part of that state. At this 
location two 22,500-kw units are installed in one plant, utilizing a 
semioutdoor type of construction where the boilers only are 
located outdoors. This plant was constructed in the 1947-1949 
period. 

A number of considerations may explain why the outdoor or 
semioutdoor type of plant has not been employed more fre- 
quently in the plant designs on this system. In the first place, it 
is a combination hydro and steam system, the ratio of capacity 
being approximately 25 per cent hydro and 75 per cent steam. 
The annual wet season generally occurs in the early part of each 
year. Likewise, seasonal load variations are such that the system 
load is lowest in this same period. Because of this particuiar 
combination of factors, the plant outages for maintenance must 
generally be scheduled during the first five months in each year. 

Owing to the large number of units now installed and because 
of an established practice of removing turbines for inspection 
every two years, there is a large number of units which must be 
inspected each year and this fact makes it necessary to plan and 
schedule these outages with accuracy and with requirement for 
minimum amounts of time for each unit. Since the outages must 
be scheduled during the rainy and colder season of the year, 
maintenance work can be more efficiently accomplished and more 
quickly completed where it can be performed inside the protec- 
tion of a building. 

Because the system covers a tremendous territorial area 
(approximately 113,000 sq miles) with plants scattered through- 
out the area, there are wide variations in fuel and operating 
costs between the individual plants. Fuel costs may vary from 
a low of less than 15 cents per million Btu to a high of more than 
30 cents per million Btu. When a low-cost unit is down for 
inspection, the energy which it would have produced must be 
supplied frot: other and higher-cost sources. It is therefore most 
important that outage time be limited to only that time which 
is absolutely essential for maintenance, since an increase in out- 
age time could involve costs of $1000 to $3000, or more, per day 
for displacement energy depending on size of the unit and the 
source and location of the substitute unit. 

% Vice-President and Chief Engineer, Southern Services, Inc., 
Birmingham, Ala. Mem. ASME. 


id 


The greatest savings from the construction of an outdoor or 
semioutdoor type of plant are effected when a “ranch-style’”’ 


layout can be employed. This type of layout spreads the plant 4 q 
over a wider area and all major equipment, foundations, etc., are 3 
A majority of our plants are located on 


located at ground level. 


rivers which fluctuate 30 to 40 ft between extreme low flow and _ 


maximum flood-water elevations. 
denser and other major equipment cannot be elevated sufficiently 


to be protected against flood damage without incurring prohibi- = 
tive cooling-water pumping costs under low water and even under 


normal water-flow conditions. In a plant design of this type it ran H 
will be generally found that approximately '/; of the powerhouse 
building will be below ground level and 2/; above ground level. 

Since building volume below ground level costs approximately — a 


twice as much per cubic foot as it does above grade, it develops 
that the superstructure represents only 50 per cent of the total — 
building cost. The potential savings resulting from the use of 
outdoor construction is therefore proportionately reduced. 


In any plant, whether it be an indoor or outdoor type of design, oe) a . 
consideration must be given not only to the initial cost of the plant 
but also to the maintenance and operating costs which will be | 


incurred after it has been placed in operation. 


Because of the 38 


heavy rainfall (approximately 60 in. average per year) and also 
because of extreme and frequent changes in atmospheric condi- _ 
tions, including temperature, a judgment factor must be applied _ 
to cover the extra maintenance which undoubtedly will be in- 
curred in adopting outdoor or semioutdoor designs. The cost of ‘ 
this added maintenance, after being capitalized, must be charged 
against the outdoor design and the amount of this penalty will = 
vary according to judgment after making an unbiased evaluation =| 


of all of the factors which contribute to maintenance. 


Despite the fact that there is only one plant constructed on this" : 
system which utilizes semioutdoor construction, the outdoor ae 


idea has not been completely overlooked. On the plant designs, 


which are currently being used, the induced-draft fans, dust col- | 
lectors, stacks, recirculating fan, oil pumps, oil heaters, storage __ 


tanks, etc., are located outdoors. 
located at ground level, and most of it had previously consumed 
building space. By locating these and other smaller items of 
equipment outdoors, it has been possible to effect a substantial 


All of this equipment is — 


reduction in building volume, structural steel, and other major a a 


components of building cost. 


Since the basic problem is to reduce the cost of building struc- 
tures, there can be only two avenues of approach, namely, either _ 


to reduce the cost to an acceptable minimum, or to disregard the 
value of a protective housing and completely eliminate the en- 


closure. Our studies have dictated that we should follow the 
first approach. Recent experience has demonstrated that 
building costs can be substantially reduced through the utilization = 


of less expensive materials and the elimination of nonessential 
ornamental features. As an example, corrugated-asbestos siding 
has been found by experience to be an adequate substitute for 
brick walls. Its use effects a saving of approximately $3 per 


sq ft and the resulting architectural appearance of the building is © 


not at all displeasing. 


Numerous studies have been made and many figures have been ag yr 
quoted covering the estimated amount of saving in construction __ 
costs which can be affected by utilizing outdoor or semioutdoor 


designs. There is a wide variation in the cost reductions which 


have been predicted and which have been reported. Perhapsthe _ 
primary reason for the wide variation in the figures is that the _ 


actual saving which can be effected is a function of the base cost = 


of the plant on which the savings are measured. Employing 
principles and methods of reasoning as generally outlined in the 
foregoing and without the use of outdoor or semioutdoor designs, 


the costs of new steam-generating units added to The Southern _ 
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: Company system have been most encouraging and compare 


mt _ favorably with the very lowest costs reported by other companies 
oe without regard to the type of construction used. 


__E. J. Garparini.” An inherent advantage for the construc- 
- tor in an outdoor power plant is the accessibility afforded for 
placing equipment and erecting component parts of the structure 

: and apparatus. With the improved accessibility and with proper 

_ scheduling to have foundations and supports ready to receive 

apparatus upon its arrival at the job site, very often equipment 


: by eliminating rehandling and also minimizing storage space re- 
quirements. 

Better accessibility permits increased and more efficient use of 
re mobile-pewer equipment to erect plant equipment and piping. 
a: and truck cranes can be utilized fully to place many items 

of apparatus in final position. 
_ Seaffolding costs are reduced as a result of the omission of 
lighting and painting work in high places over operating levels. 
Natural daylight affords better visibility than artificial light- 
im and unless night shifts are used the cost of maintaining lights 
ae construction is reduced. 
Eliminating the building structure removes the need for some 
re latively high unit-cosi operations, such as placing reinforced- 
a concrete floors and roof decking at considerable heights above 
ground level. 
_ Where the main crane does not have the capacity to lift the 
heaviest piece of the generator to be set during erection, the rig- 
ging and handling operations which are required are simplified by 
outdoor over indoor construction, especially as compared with 
_ indoor construction involving temporary omission of masonry 
building walls until getting heavy pieces moved inside. 

The over-all field construction cost of an outdoor plant is nor- 
mally less than for an enclosed plant of comparable design be- 
- cause of omitting certain elements of construction and thus re- 

ducing the number of units of work to be accomplished. 

As the total number of work units is reduced, the total labor 

force can be smaller. This is of special importance in an area 
_ where manpower is in short supply. 
_ However, the advantage of easy access is somewhat counter- 
balanced by the lack of protection for performing certain opera- 
As the severity of climatic conditions increases, this lack 
of protection can more than completely offset the gain from acces- 
sibility. 

It is generally necessary to provide temporary shelters fo: 

umber of reasons, such as the following: 
id (a) Protection of workmen from sun, wind, rain, and cold. 

(b) Protection of equipment from wind-borne dirt and rain. 

_ (e) Protection of equipment from temperature changes dur- 
_ ing alignment or setting to close tolerances. The main turbine- 


Protection of insulation from rain during application. 
Some items of work are more expensive for outdoor constr 
tion, as for example, exposed conduit must be weatherproof, so 
slabs must have weatherproof membranes to act as roofs, and s 
_ _Inelement weather can be a problem if the schedule is tight, 


_ particularly if critical operations like turbine eregtion must be 
one in bad weather. 


Although specific conditions will determine individual situa- 
= in general, the over-all field construction costs are lower for 
»utdoor plants than for indoor plants. 


Power Division, Bechtel Corporation, Los 


Area Manager, 


M. W. Burieson™ anv V. L. Wurracre.* Since we are in- 
terested in this development only to the extent that it affects the 
life and performance of the thermal insulation, we are in no posi- 
tion to comment on the relative advantages and disadvantages 
except from the insulator’s viewpoint. While we believe many 
people think of the insulation as a minor item in this era of high 
temperatures, it actually is no longer so minor, constituting 
about 5 per cent of the total cost of the plant. It, therefore, does 
deserve some close attention. 

There is no question but that the insulation problem is vastly 
complicated when the protection of the building is remeved. 
Unfortunately, insulation is not elastic and will not stretch. The 
inevitable result is that when equipment and piping expands the 
insulation must move and open up in places. 

Where the plant is protected by a building, the problem is 
relatively simple. A poor job makes its own expansion joints in 
the insulation when the equipment expands and while the ap- 
pearance may leave much to be desired the insulation will per- 
form after a fashion. With a high-grade job, expansion joints 
are normally provided in the insulation so that the finish is not 
cracked by movement, the appearance is good and the insulation 
performs as it should. But even on a high-grade job there are, 
owing to interference and congestion, many places where the 
insulation cannot really be applied properly. 

When the protection of the building is removed, all of this 
insulation must be weatherproofed. This is accomplished with 
asphalt-saturated felts, asphalts, sheet metal, asbestos-cement 
sheets, and other materials. It is relatively easy to apply many 
of the sheet or felt materials to straight piping effectively, but 
becomes extremely complicated over irregular surfaces, fittings, 
and similar equipment. The only practical means at present is 
to protect these areas with asphalt mastics. 

The contact of mastics with hot-metal parts, the improper ap- 
plication of mastics, disregard of movement due to expansion 
(refer to Figs. 16, 17, 18), and other factors result in protection 
of the insulation which cannot be entirely weatherproofed. 


28 Johns-Manville Company, New York, N. Y. 
2 Insulation Manager, New York Power Products Department 
Johns-Manville Sales Corporation, New York, N. Y. M«e 
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When the unit is in operation, the majority of the piping is suf- 
ficiently hot so that water which enters the insulation is quickly 
evaporated. In such cases, little harm apparently is done other 
than to increase the heat loss from the equipment. On the 
other hand, where the unit is shut down, water remains in the 
insulation and may result in serious corrosion of piping and 
equipment and increased insulation maintenance costs. 
All of these factors add up the following: 


1 Equipment and piping must be designed to be insulated 
(Figs. 19 and 20). 
2 The specifications covering the application and weather- 


Suown Fia. 16 


Repair TO INSULATION SHOWN IN Fics. 16 AND 17 BY Con- 


or Expansion Jornts aNpD APPLICATION oF NEw 


WEATHERPROOFING 


proofing of insulation must be far more complete than previously. 
In present practice, the weatherproofing details are largely de- 
signed by the insulator who applies it. 

3 The reliability of the insulation contractor becomes of 
greatest importance, 

4 Some areas are so complicated that they should be housed 
anyway. Examples are feedwater heaters and the piping that 
surrounds them. 

5 Frequent close inspection and maintenance of insulation. 


There is another problem. Where outdoor power plants are 
built in climates that produce below-freezing temperatures at 


This type equipment wou e better under 
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This requires heaters of some sort on the piping and insulation to 


enable the heaters to be effective. Since these are not operating 


tal a large part of the time, there is no heat in the piping to dry out 


water that may leak into the insulation. 
_ weatherproofed, this condition can be a problem. Since the 


Unless carefully 


_ major problem is produced by shutdown periods on all heated 


piping and equipment, we have here a class of piping which is a 


_ major problem all of the time. 


In conclusion, provisions for metal expansion and insulation 


a ety protection for indoor installations cannot be translated directly 


suitable specification can be developed. 


H.C. Draxe® W. E. Moore.” 


outdoor service? 
during exposure over long periods—5 years, 10 years, or more? 


into outdoor installations. 


Because of climatic conditions an 


outdoor insulation-protection specification acceptable in the 
southern climates would not be suitable for the northern climates. 


The art of insulation protection has not progressed to the point 


= where it is entirely acceptable to the exacting requirements of 


utilities, and it is only by close co-operation between the user and 
the manufacturer of insulation and insulation protections that a 


In selecting insulation 
for outdoor service, it is well to keep in mind three major points: 

(1) Will it stand up well under the more rigorous conditions of 
(2) Will its efficiency remain fairly constant 


(3) What additional allowance should be made for labor costs 
and erection time, as compared with an indoor job? 

A standard method of assuring durability and sustained effi- 
ciency is the application of a 22-gage metal jacket over conven- 
tional insulating material. Higher labor costs for this additional 
weather protection are to be anticipated as a result. Hunter 

% President, Plant Economy, Ine., New York, N. Y. 


*t Manufacturing Manager, Insulation Division, Hunter Manu- 
facturing Corporation, Bristol, Pa. 
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aluminum insulation simplifies the problem of choosing outdoor 
protective insulating materials by meeting the heavier demands of 
outdoor service with one prefabricated covering, thereby reduc- 
ing erection time and costs. This material is equally effective for 
indoor application, but for the purposes of this discussion its out- 
door features will be stressed. 

Product Description. (a) Physical. Unlike most conventional 
materials, this product is designed in individual units, completely 
shop-fabricated and easily handled. Each unit is composed of 
a series of aluminum-alloy sheets, separated by '/:-in. dead air 
spaces, and held in place and supported by material of low heat 
conductivity. 

The Hunter Aluminum Insulated Expansion Joint and/or 
Hanger Cover is engineered and fabricated to fit over existing 
hangers. The cutouts for the hanger support are incorporated 
in the insulation to receive the hanger support proper. The 
general design arrangement is similar to Hunter Aluminum Pipe 
Covering with the exception that it nests over adjoining pipe 
insulation. 

One end of the expansion joint is mechanically secured to the 
adjoining pipe covering and is packed and sealed with calking 
compound. The opposite end of the expansion joint incor- 
porates a self-sealing device that nests around the outer pe- 
riphery of the adjoining pipe covering which extends partially 
into the expansion joint body. This arrangement permits 
expansion and contraction within the expansion joint itself, 
eliminating cracks and fractures as experienced in conventiona’ 
block-type insulating material. 

(b) Technical. An understanding of the heat-transfer prin- 
ciples used in the design of Hunter aluminum insulation is help- 
ful, we think, in appreciating its value as an outdoor insulation. 
Fig. 26 illustrates the three principles used, namely, radiant 
convection, and conduction heat transfer. 

Heat emitted from the pipe heats up the adjacent confined air 
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and radiates to the first aluminum-alloy sheet. Most of this 
radiated heat is reflected back to the source, but a small portion is 
transmitted to the first sheet, as a result of the convection currents 
set up through a temperature gradient across the first confined air 
space. This progressive heat-transfer process is repeated, layer 
by layer, and if carried far enough, would finally result in a reduc- 
tion to practically zero heat loss. However, economy dictates 
confining the loss to a practical minimum by using the optimum 
number of aluminum layers. 

The efficiency of an insulation of this sort depends on its reflec- 
tive power. This “reflectivity’’ is inversely proportional to the 
metal’s emissivity—or radiating power. To get the best perform- 
ance and highest efficiency, a material of very low emissivity— 
hence very high reflective qualities—is used in Hunter insulation. 

Since emissivity—or radiating power—is low, only a small 
portion of the total heat loss is the result of radiation; most is 
actually due to convection. On conventional block insulation 
the reverse is true, and because of this basic difference, Hunter 


aluminum insulation has a somewhat higher surface temperature 
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for comparable thicknesses. However, the over-all Btu heat 
losses for equal thicknesses are less, owing to the low emissivity 
of the aluminum alloy. 


We are frequently asked if “hot spots’’ are created on the outer 


surfaces over the low heat conductivity spacers, since conductivity 
through these spacers is somewhat higher than through the 
spaced aluminum-alloy sheets. This is not the case, however, 


since the aluminum sheets serve as temperature equalizers, draw- _ : 


ing off excess heat a: each layer so that surface areas are uniform | 


in temperature. 

Durability. The question has been raised by some power- 
plant operators as to the ability of aluminum insulation to stand 
up under constant exposure to all kinds of weather. The basis 
for this is probably the fact that early experiments with aluminum 
as an insulation were mainly with the lighter-weight alu- 
minum foils. The story is different with sheet aluminum. In 
Hunter insulation, the standard casing for indoor service runs 
from 0.040 to 0,051 in. thickness; and for outdoor service the 
equivalent of 22-gage steel can be used. : 
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Because Hunter aluminum insulation is composed of a metal, 
primarily, it has certain features of durability not present in con- 
ventional insulating materials, which are of particular value in 
outdoor use: 


1 Itis resistant to thermal shock (or the sudden application of 
high-temperature gradients), either wet or dry. Damage in the 
form of stress-relieving cracks or disintegration, which sometimes 
occurs with bulk materials, is completely eliminated. 

2 It will withstand physical vibration to a greater degree than 
other materials. There have been instances where conventional 
insulation has been fractured by vibration of ducts, from burner 
pulsation, by unbalanced fans or pulverizers, or by water hammer. 
With an aluminum alloy, this cannot happen. 

3 It is dimensionally stable—wet or dry. Each individual 
insulating unit is designed to allow for expansion and contraction 
within the unit, with no stress or strain. Units are joined to- 
gether so that expansion and contraction occur at predetermined 
locations, with expansion joints provided in the insulation at 
these points. 

4 Because this material is a corrosion-resistant metal, it is 
naturally weatherproof and needs no additional protective paint 
or casing. Insulating units are fitted together to form mechani- 
cal seals which act as a protection from water penetration. 


The retaining material of low conductivity is practically 
nonabsorbent. (On prolonged immersion, there is no more than 
2 per cent surface wetting.) In addition, it is protected by the 
overlapped aluminum-alloy casings. 

If an internal steam or water leak occurs—say, at a hanger, a 
joint, or at instrument connections—water from the inside 
should weep out without seriously affecting the insulating mate- 
rial. Location of the leak may be simplified, as well, since mois- 
ture from one leak should not travel beyond the section in which 
it occurs, causing further damage and lowering efficiency. 

To prevent moisture penetration at joints, calking at cutouts for 
hanger supports and instrument connections, and special seals at 
expansion joints are provided, as required. 

This greater weather resistance of Hunter aluminum insulation 
reduces the danger of corrosion of piping and equipment caused 
by retained moisture. With conventional bulk insulation— 
particularly on piping and equipment which is cold part, or all, of 
the time—corrosion may occur without a direct break in the basic 
insulation. When lines are cold, the empty air spaces in bulk 
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material will absorb whatever moisture exists in the ambient air 
through any joints that are not completely vapor sealed. These 
air cells are under a partial vacuum, developed when the moisture 
is initially driven out of the air cells on heating. With the lines 
cold, moisture is driven back into the air cells. In time, repeti- 
tion of this process can cause loss of efficiency and progressive 
deterioration of the insulation, owing to the force of expanding 
steam in the cellular air spaces. In Hunter insulation, this 
phenomenon is negligible, since block-form insulation occupies 
only a small fraction of the total volume. 

Efficiency. Fig. 21 compares heat losses from Hunter alu- 
minum insulation with several standard materials. In all cases the 
H{unter product is more efficient for equivalent thicknesses, with 
efficiency increasing at higher temperatures. Actual operating 
results at the Titus Station of Metropolitan Edison Company, an 
indoor station where Hunter insulation is being used on all three 
units, have borne this out. After two years of operation, insula- 
tion efficiency was 98 to 100 per cent of the predicted and pub- 
lished values. (Actual heat losses on 3-in. pipe at this station 
are indicated by the circled values in Fig. 21.) 

The ability of an insulating material to retain efficiency during 
prolonged operation without additional protective covering is of 
especial importance in outdoor service. 

Bulk insulations, when used outdoors, are seldom 100 per cent. 
dry, and the actual heat loss of such material in practice may be 
somewhat greater than the theoretical value. This is due to 
capillarity, which causes the retention of moisture in the material, 
even on hot surfaces. In contrast, Hunter insulation exhibits 
little or no dropoff in efficiency over long periods because of 
moisture or water accumulation. 

Sustained higher iasulation efficiency would reflect attractive 
savings in fuel costs over the life of the insulation that, though 
probably difficult to evaluate, have a tangible economic advan- 
tage. 

Application. The third point to be considered in choosing an 
outdoor insulation is the comparative application time and total 
installed cost. Such a comparison should include not only 
initial cost but the expense of removing and replacing insulation 
during equipment maintenance. In this respect Hunter alu- 
minum insulation offers several advantages readily reflected in 
dollar savings. 

The need for protective painting or covering is entirely elim- 
inated, since insulation surfaces are naturally durable and at- 
tractive. This is a direct saving in application time and mate- 
rial cost and in future maintenance costs. 

Since this material will not absorb moisture and needs no dry- 
ing out before application, it can be installed even under extreme 
weather conditions. One continuous erection period can be 
scheduled in advance, and no additional clean-up time is required, 
since there is no accumulation of dust or debris. 

Labor and application costs are further reduced because only a 
single application is involved. Installation is also facilitated by 
the lighter weight of this insulation (about '/, the weight of 
standard materials) and by the ease with which insulating units 
can be snapped into place. This advantage is repeated each time 
equipment or piping is dismantled for maintenance; outage 
time is reduced, and replacement of insulation destroyed through 
removal is eliminated. 

On projects that are a considerable distance from the Hunter 
Plant in Bristol, Pa., the manufacturer can arrange for job-site 
fabrication of all straight pipe covering and flat surface insulation. 
Special pieces—valve and fitting covers, etc.—are produced at 
the home plant. 

Special Applications. The reflective qualities of Hunter alu- 
minum insulation serve an additional purpose on steam and elec- 
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cable may be run adjacent to the pipe or, if it is desired, to limit 
the maximum contact temperature of the tracer, in the '/.-in. 
space between insulating layers. In either case, the heat from 
the tracer is well distributed around the pipe because of the 
reflectivity of the aluminum-alloy sheets, obviating the need for 
conventional contact heating. Notches are made during fabrica- 
tion in the low conductivity material supporting spacers at the 
parting line to allow for passage of the heating cable and yet re- 
tain the removable features of the insulation. 

On throttle valves, main steam leads, and bleed lines under 
turbines, that are situated close to lubricating-oil lines, this 
material is of considerable protective value. Being for all 
practical purposes nonabsorbent, the insulation cannot become 


aturated with oll or fluids and ott as a fire 


for spontaneous combustion. If a fire does occur, it cannot 
become a long-burning wick to cause greater equipment damage. 

For heater heads, flanges, valves, and other fittings, and for 
any equipment requiring periodic outages, maintenance is 
facilitated with Hunter latching-type removable insulation 
covers. 

Conclusion. In conclusion, this insulation is a simplified com- 
petitive alternate to metal-lagged or mastic-coated insulations 
for outdoor use. It meets all the requirements of durability 


and offers, as well, greater flexibility and higher constant effi- 


ciency during prolonged service, expediting installation, and 
ducing maintenance costs. 
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Digests of Manufacturer 


Discussions 


TURBINE MANUFACTURERS. 


The following constitutes a composite digest of written dis- 
cussions submitted by the General Electric Company and 
Westinghouse Electric Corporation, in response to invitation: 

Over the past 15 years approximately 50 turbine-generators 
have been put in operation with some degree of outdoor construc- 
tion. Installations have been made in Florida on the sea coast 
where they are subject to ocean spray and hurricanes, in 
Texas where the climate is hot and dry with sandstorms, and in 
Montana where they have encountered winter snow and ice and 
temperatures as low as —40 F. These units are reliable and 
generally satisfactory with no significant difficulties. 

Because of the lack of a building over the unit, both the initial 
installations and maintenance work have sometimes been delayed 
to some extent, but this has been accepted and generally the 
operators have liked the outdoor units. 

The manufacturers believe that either of two arrangements 
will be most generally acceptable. The first is an arrangement 
with the turbine completely outdoors, the front standard weather- 
proofed with all control devices coming through packings so they 
are completely accessible. The space between the turbine and 
generator is covered with metal lagging, with the turning gear 
inside. The turbine metal lagging itself is made in as large pieces 
as can be handled with only a few bolts to be removed or clamp- 
_ing devices to be operated, so that access for maintenance is 
quick and easy. Weathertight doors with internal stairs and 
platforms are provided for access to the control valves and the 
turning gear. The generator itself is completely weatherproofed. 
The exciter has a walk-in-type housing so that brush inspection 
and minor maintenance work can be done regardless of the 
weather. While a few exciters have been furnished with weather- 
proofed enclosure and no walk-in housing, this has not generally 
been satisfactory and a walk-in-type housing is strongly recom- 
mended. 

In regions where temperatures of zero or lower may be encoun- 
tered for extended periods of time, it is considered necessary to 
provide heat insulation around the generator stator casing to be 
able to maintain a minimum temperature of 15 C inside. Heat 
is introduced by circulating hot water through the hydrogen 
coolers. 

In extremely cold climates, the heating of the lubricating oil 
for cold starts is necessary. Also, provisions must be made to 
insure proper drainage if a unit has an extended shutdown 
period. 

The hydrogen-treating system and control panel are all 
weatherproofed for outdoor installations with space heaters and 
thermostats provided where necessary to maintain the minimum 
temperatures. 

The manufacturers have no hesitation in building turbine- 
generators for outdoor service. 


BOILER MANUFACTURERS 


Discussions were submitted by four boiler manufacturers: 
The Babcock & Wilcox Company, Combustion Engineering, Inc., 
Foster-Wheeler Corporation, and Riley Stoker Company. A 
composite of the discussions follows: 

The four manufacturers number their outdoor boiler instal- 
lations in the several hundreds. They include units of the 
following types: Reheat, nonreheat, natural circulation, con- 
trolled circulation, suction-fired, and pressure-fired, up to 2350 
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psi pressure and to 1,450,000 lb/hr. Practically every type o 
fuel firing is represented in the group. Neither the geographical 
location nor the elevation of plants now prohibits the use of 
entirely outdoor steam-generating equipment. Individual boiler — 
units vary greatly as to the portions of the total equipment — 
exposed to the weather, starting with units just having the ai 
heaters, dust collectors, and fans outdoors, and extending throug! 
the complete range to those which have no part of the unit 
indoors or even supplementarily housed. 
Weather protection for the operating and maintenance per-— 
sonnel varies from complete enclosures at the firing and drum — 
levels to no special provision. The enclosures are usually con-— 
structed of transite and have provisions for both natural and 
artificial light, heat, and ventilation. The floors of these enclo- 
sures are concrete, arranged with proper pitch for drainage and to 
permit hosing down for good housekeeping. The roofs are 
either of transite construction, the extension of the boiler steel __ 
casing, or in the case of lower-most enclosures, concrete. 
The development of automatic and remote manually operated _ 
controls for combustion, lighting off, soot blowers, and valves, 
together with television observation of furnace conditions and 
water level, is rapidly reducing the necessity for a large part of 
these enclosures as far as operating personnel is concerned. ie 
Particular attention should be paid to the design of the weather- 


exposed structure so that all portions are self-draining and free 


from pockets in which water can accumulate. 

Exposed horizontal steel preferably should be provided with 
sloping covers. Platforms and floors other than the main con- 
crete floors are of the open galvanized grating type requiring 
little cleaning and no painting. 

Experience has indicated that tarpaulins suspended from hooks 


connected to the supporting structure can provide satisfactory Bate 


protection for maintenance crews if repairs must be made during _ 
inclement weather. 

It is essential that all of the outside piping be completely 
drainable. As far as possible, it should be brought down at the 
side of the boiler to benefit from the radiated heat from the — 
setting and be grouped so it can be easily and conveniently ¥ 


insulated and steel lagged. These enclosures are usually sup- i 


plied with cord-type electric heaters or with steam tracing for — 
use when the unit is out of service. sy 
Except on outdoor boilers in mild-weather climates free from _ 


freezing, the recommendation is to house safety valves, water _ a 


columns, and water-gage glasses. 


drainage and insulation may be applied either on the inside or 
the outside. If outside, the insulation is metal-sheathed 8 
plastic-covered. 

The forced-draft fans should be so located that the inlets will 
not pick up moisture and sand. 

All bearings of all rotating equipment exposed to cold weather 
should be air-cooled if possible. In some cases where air cooling 
cannot be applied and subfreezing temperatures may be encoun-— 


installed i in the waten-ecsling system. 

It is felt that the subject of boiler casings requires edie 7 
discussion, as sometimes the opinion is held that an indoor boiler 
can be insulated, then covered with a sealing coat of water- __ 
proof compound, but that an outdoor boiler requires a steel 
casing. The ready adaptation of boilers from indoor to outdoor 
use was possible from the very first because initially indoor 
boilers and their associated accessories were basically steel- 
encased equipment, which was reasonably pressure and water- 
tight. Even up to very recently some manufacturers have been 
continuous exponents of a steel-cased design, first with = ; 
construction, then progressing to all-welded construction. How- 
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repair or overhaul the maintenance cost on these devices spate. 
outdoors is not likely to be appreciably higher than on cae 
units located indoors. ey 
Hydraulic transmission of signals is giving way to pneumatic = i. 
or electric transmission because long small high-pressure lines a <a 


ever, steel shortages during the war years made it necessary to 
devise alternate weatherproofing material as a substitute for the 
steel casings which were being used. This led first to the use of 
transite casings, and then with the advancement of boiler and 
furnace design came walls which were insulated and covered with 


a coat of waterproof compound. 

When properly designed the latter is economical and satis- 
factory for both indoor and outdoor types of installations. It 
inherently does not have the ruggedness of an outer steel casing, 
and as both designs are now available, decision as to the one to 
be used depends on the evaluation made by the client. 

All the major builders have dropped exclusive advocacy of 
outside steel casings. Some manufacturers are currently mar- 
keting a design in which there is a pressure-type steel skin 
mounted directly on the boiler tubes, which is then backed with 
adequate insulating material, and then, in turn, covered with a 
waterproofing compound which is reinforced with glass-fiber 
material. Such a casing can be made positively tight, entirely 
weatherproof, and can be painted to be as attractive as a com- 
pletely outside steel casing. 

In summary, all builders take the stand that boiler units can 
be designed readily for complete or partial outdoor service at 
small additional cost over indoor installation. They report also 
that it is their opinion from discussions with operators who have 
outdoor boiler units properly designed for their specifie climatic 
conditions that there are no serious operating or maintenance 
problems. 


CENTRALIZED CONTROL MANUFACTURERS 


Discussions were submitted by four manufacturers of contro! 
equipment: Bailey Meter Company, Hagan Corporation, 
Leeds & Northrup, and Republic. A composite of the discus- 
sions follows: 

The control room is usually air conditioned just as with an 
indoor plant, with the result that instruments and control 
apparatus located therein operate under conditions which favor 
excellent performance and reduced maintenance. However, 
sensing and signaling devices for the various measurements of 
flow, level, pressure, and temperature are quite frequently 
located out of doors where they must combat a much wider 
temperature range, increased exposure to water and ice, sand 
and dirt, with strong winds increasing the adverse effects of these 
factors. In addition there may be the problem of increased 
distances between the central control room and the outlying 
controlled elements. 

Manufacturers are paying more design attention to secure 
weathertight enclosure. 

Exposed equipment will in general be less convenient for main- 
tenance since the men involved will also be subjected to the pre- 
vailing weather conditions, and maintenance is made more 
difficult due to the necessity of opening weathertight enclosures 
not ordinarily required for indoor installations. There will 
naturally be a search for designs requiring even less maintenance 
than in the past, and increased use of corrosion-resistant materials 
to reduce maintenance on components located outdoors. One 
manufacturer states that because measuring and controlling 
= are generally small and can be taken to an indoor shop for 


he vs 


hydraulic systems are difficult to protect against physical damage, 
freezing, and overheating when protected by heating. 

Pneumatic systems in cold climates require driers to reduce — 
the dew point of the compressed air below the minimum ambient 
temperature encountered. No special precaution is needed for — 
the lines connecting to outdoor apparatus. With a suitable — 
drier and a storage tank providing at least 15-min reserve, reli- 
able power for signaling and control is assured for the outdoor 
plant. 

Manufacturers with electrical transmission systems advocate 
their use. The requirement of weatherproof protection for — 
conduits and connections to the outdoor apparatus to guard a 
against insulation breakdown is pointed out. 
operators require special attention to lubrication to insure reli- 
able performance. Suitable outdoor electrical 
available, although the cost of such equipment is somewhat — 
higher than for indoor equipment. 

Ice may form on forced-draft-fan vanes or dampers and on the 
connecting linkage between operators and dampers located out 
of doors. Power units for such devices should be made some- __ 
what oversize to allow for ice-forming tendencies, and during _ 
icing conditions the power units should be operated periodically | 
to break up anyice. Damper linkage should be protected against _ 
direct moisture impingement in icing areas. 

It is always desirable where it can be done to install all measur- 
ing and control devices and panels within the building structure 
in enclosures provided for other operating reasons. 

In many plants the outdoor mounted control equipment is 
limited to the forced and induced-draft fans, with a relatively 
trivial cost increase. If, however, the design is carried to the 


will increase rather rapidly and maintenance cost also will be — 
affected adversely. 

The additional control cost for outdoor installations usually 
is not excessive, maintenance poses no severe problems, and the _ 
performance of a well-engineered outdoor job will equal the — 
indoor plant installation. 


PIPING FABRICATORS 


The M. W. Kellogg Company comments that the only differ- i zt 


ence found on outdoor jobs as compared to indoor jobs is in the — = 
insulation requirements and the need for special housing of com- _ 
plicated hangers exposed to icing conditions. Midwest Pines 
Company notes the necessity of metal sheathing or bituminous 


coating on the insulation of outdoor piping to withstand the vis 


elements, coupled with provision of steam or electric tracers to 
prevent freezing; points out that on outdoor construction the — 
absence of building steel may complicate the job of designing — 
adequate hangers and supports, and states that erection experi- _ 

ence to date has been fortunate, without sufficient bad acer § 
to impede erection of the outdoor piping handled. 
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HE papers composing the symposium have been reviewed 
Te collate the views of the several authors on points of 
InvesTMENT Costs CHARGEABLE TO DESIGN 
The two main reasons cited for adopting outdoor design are 
savings in first cost and reduction in construction time (Louis 
Elliott). In this section we will attempt to analyze the former. 
In the several papers there exists a wide variation in cost reduc- 
tions reported for outdoor plants. E. C. Gaston rightly states 
that the actual saving is a function of the base cost on which the 
savings are measured. Two other yardstick bases for analysis 
have been suggested: Ebasco Services Incorporated use the full 
outdoor design, with penalties estimated for providing anything 
beyond the practical minimum of housing (W. F. Friend), while 
M. K. Drewry believes that outdoor design should be com- 

pared with minimum-cost practical enclosures. 

F. W. Argue presents still another approach. In his paper, one 
comparison of savings is made by adjusting the costs of an 
existing conventional plant to that of the same plant in an out- 
door arrangement and another, by adjusting the differences of 
cost in an existing outdoor plant versus the same plant in con- 
ventional design. 

The different bases which the several authors have used in 
their cost analyses have resulted in a variety of predicted capital 
savings. It was noted that climatic conditions and the degree 
of outdoorness had a great bearing on the possible initial 
savings. The following is an attempt to correlate these data 
and explain the apparent discrepancies. 

Over-All Cost Savings on Total Plant. The greatest savings of 
from 36 iv $7 per kw of installed capacity can be made by adopt- 
ing a fully outdoor design over a conventionally designed plant 
having brick or heavy masonry enclosures (T. M. Morong, G. A. 
Gaffert), A lesser saving of $4 per kw is gained by installing 
only outdoor boilers and units with the remaining enclosure of 
brick or heavy masonry walls (E. C. Duffy) serving as protection 
for indoor-type auxiliary equipment. 

A saving of $1.66 to $2.50 per kw was obtained in P.G.&E’s 
Pittsburgh plant by adopting outdoor boilers and units with the 
remaining enclosure of heavy masonry as compared to a similar 
size plant with outdoor boilers and a heavy masonry enclosure 
for the turbine-generators. These savings include the gain 
reflected by optimum placement of the units (C. C. Whelchel). 
The governor ends of the turbines project into the enclosed area 
thus eliminating walk-in enclosures and long runs of steam pip- 
ing. 

However, savings of only $0.66 to $2.85 per kw will be realized 
in adopting outdoor design if the enclosures to be eliminated are 
strictly functional, of inexpensive contruction, and relying upon 
well-arranged masses for pleasing appearance (F. W. Argue). 
This variation in saving can be attributed to climatic conditions 
determining the type of enclosure being eliminated. In colder 
climates cost of enclosures will be increased by the required insu- 
lation. 

Savings From Outdoor Boiler Installation. The outdoor 
boiler is firmly established (G, A. Gaffert) and materially reduces 
the first cost of a plant by eliminating a large section of building, 
together with accessories such as heating, ventilating, and 

#2 General Superintendent of Steam Generation, Pacific Gas & Elec- 
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cleaning equipment, Savings will exceed the additional cost 
for an outdoor boiler with the necessary weather protection, 
waterproofing, and steam tracing of lines (Paul Blanchard). 
Most of the over-all gain in savings comes from placing ” 
boilers and heaters outdoors (John B. Saxe). 

As noted before, the savings in placing any equipment outdoors 
is affected by the type of enclosure eliminated. If thisisafunc- 
tional enclosure, the savings with outdoor boilers will approxi- _ 
mate only $0.40 to $2 per kw of installed capacity, depending _ 
upon whether the enclosure was designed for mild or cold- 
weather conditions (F, W. Argue). The size or capacity of the — 
boiler also affects the savings. The savings decrease in inverse __ 
proportion to the size of the boiler. For example, E.C. Duffy’s 
paper indicates the reduction in first cost by adopting semi- 


outdoor boiler design for single-boiler single-unit installations by = 
the Long Island Lighting Company were $4.47 for a 40,000-kw 


job, $2.44 for a 90,000-kw unit, and $1.96 for a 156,000-kw 
installation. In all cases the enclosures eliminated were of — 
brick. 
M. K. Drewry believes the saving in first cost by entirely — 
omitting the boiler enclosure is not exactly justified for a steam — 
plant located in a northern climate. The cost of an enclosure © 
built from inexpensive materials such as corrugated transite — 
will be recovered by reducing heat losses from the boiler. He | 
estimates the cost of such an enclosure to be $80,000 for a 120,- — 
000-kw installation ($0.76 per kw) and the reduction in heat — 
losses per year from such an enclosure to be $75,000. Also, he 
estimates that a totally enclosed plant using transite-type walls — 


and indoor equipment would approximate the cost of a fully out- — ie 


door plant of the same capacity. 4 
Savings From Outdoor Turbine Installation. Placing the tur- _ 
bine-generator outdoors results in relatively small savings owing 
to the high cost of the gantry crane and walk-in housings (John __ 
B. Saxe). Also, there is very little difference between the cost — 
of placing the turbine and switchgear indoors using conventional 
overhead crane and walls of corrugated transite and by adopt- __ 


ing an outdoor unit and switchgear and using the more expensive i .: 


gantry crane (G. A. Gaffert). : 

E. C. Duffy estimates the reduction of cost in an outdoor | 
turbine installation including gantry crane, but exclusive of cost —__ 
of unit, to be from $1.64 to $1.53 per kw of installed capacity for __ 
unit sizes from 90 mw to 156 mw, inclusive. In these cases, the _ 
eliminated enclosures were of brick construction. 

W. D. Marsh and A. G. Mellor of the General Electric Com- _ 
pany report that the additional cost of weatherproofing turbine- _ 
generators is between 2 and 4 per cent of the cost of the machine _ 
or $0.50 to $1.25 per kw. e 

F. W. Argue in his paper implies that the over-all saving in 
placing turbine-generator and related control room in an outdoor 
setting will vary between $0.53 and $0.72 per installed kw 
These costs are based on the eliminated enclosure being of strictly 
functional design. 

Savings Realized by Minimizing Enclosures. The elimination | 
of usual boiler and turbine buildings will result in savings of 
from $5 to $8 per kw of capability depending upon whether the 
enclosure to be eliminated is of brick or of less expensive con- 
struction (John B. Saxe, W. L. Chadwick). Corrugated- — 
asbestos siding is approximately $3 per sq ft less than brick walls — 
(E. C. Gaston). 

Where the eliminated enclosure is of functional design, utiliz- _ 
ing inexpensive materials, the initial savings will only be from — 
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$1.85 to $2.35 per installed kw in an outdoor plant (F. W. Argue). 

Miscellaneous Savings in Outdoor Design. The decrease in 
building services such as lighting, heating, and ventilation will 
amount to $0.76 to $1.35 per installed kw in an outdoor plant 
(F. W. Argue). The decrease will depend upon climatic condi- 
tions. At the Etiwanda Steam Station in Los Angeles, Calif., 
the reduction in the amount of necessary ventilating fans re- 
sulted in a savings of $0.55 per installed kw (W. L. Chadwick). 
Mr. E. C. Duffy states that net savings for ventilation equipment 
in plants on Long Island, N. Y., were found to be approximately 
$0.06 per kw of installed capacity. 

Increased Cost of Mechanical and Electrical Equipment. 
Weatherproofing equipment for outdoor service increases its cost. 
F. W. Argue estimates the increase for electrical equipment to 
be from $0.40 to $0.50 per installed kw. W.D. Marsh and A. G. 
Mellor of the General Electric Company are in agreement with 
this as they say the total increase in cost of an outdoor turbine 
unit plus switchgear, exciters, motors, etc., will amount to $1.65 
per kw for a 100-mw installation while the increased cost of 
weatherproofing the unit alone is $0.50 to $1.25 per kw, depend- 
ing upon the capacity. Thus $1.65 minus $1.25 would give 
$0.40 per kw as the additional cost for electrical equipment for 
the larger unit. 

The cost of mechanical equipment for outdoor service will 
average $0.68 to $1 per installed kw over that for indoor equip- 
ment (F. W. Argue). 

Conclusion. The authors vary in the summation of all costs 
for conventional versus outdoor design plants. They show a 
variation of savings for outdoor designs amounting to anywhere 
from approximately zero (M. K. Drewry) to $8 (W. L. Chad- 
wick) per kw of installed capacity. This amount is dependent 
upon climatic conditions, installed capacity, and type of en- 
closure that has been eliminated. When all these are taken into 
consideration, there are no large discrepancies in the figures pre- 
sented by the different authors. Perhaps the main difficulty is 
that insufficient emphasis has been made relative to the basis 
upon which the cost comparisons have been made. 


Cumatic CONSIDERATIONS IN THE DeEsiGN, OPERATION, AND 
MAINTENANCE OF OuTpoor STEAM PLANTS 


Other than the savings in first cost, the most important factor 
influencing the design, operation, and maintenance of outdoor 
installations is climate. Sargent & Lundy, in its experience 
with the design and construction of some 25 units for outdoor 
service, believes that the outdoor plant has its place in the type of 
climate where it is not subjected to extremes of weather. 

However, the acceptance of outdoor design is not universal. 
In the Southern Company system, it has been found that outdoor 
plants are not entirely feasible. The seasonal operational load 
variations are such that the minimum system demands coincide 
with the rainy and colder season of the year. Outages must be 
scheduled during this period and maintenance can be more 
efficiently and quickly completed where it can be performed 
within the protection of a building. 

The question of indoor versus outdoor plants, so states M. K. 
Drewry, is a geographical and circumstantial one, that will 
never have a simple answer. For northern states, the Wiscon- 
sin Electric Power Company’s experience suggests that inexpen- 
sive shelters are worth the investment. An interesting point 
offered by John B. Saxe is that in warm and arid areas the small 
saving from installing an outdoor turbine is amply warranted, 
particularly if the climate is being promoted and the utility is 
part of the act. 

The effects of climatic considerations on the various phases 
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Errect or Ciumate oN DEsIGN 


Cold Weather. Outdoor boiler plants have been found practi- 
cal in the severe cold of Montana and the freezing weather of 
Utah. Operational experience gained in these plants in subzero 
temperatures definitely shows that particular attention must be 
paid to the details of protecting ail piping, valves, etc., carrying 
liquids or gases containing moisture. Safety valves, blowdown 
valves, water columns, air lines, control lines, and many drain 
lines have frozen in these plants even though every effort h 
been made to have these items insulated and traced (R. A. Reid, | 
Paul Blanchard). 

It is often possible to enclose the area beneath turbine ped 
tals at comparatively small cost in order to provide cold-weather 
protection for most of the auxiliary equipment. There appears 
little justification for enclosing dust collectors, induced-draft 
fans, and tanks. The problem of cold air entering the air pre- 
heaters appears to have been satisfactorily solved by the steam 
air preheater (W. L. Chadwick, T. M. Morong, John B. — 
E. C. Duffy). 

Turbine-deck snow-melting systems have been proven 
experience to be of limited usefulness (E. C. Duffy). a 


Temperature Extremes. The design of the Kyrene Steam 


Plant in Arizona was influenced by the climatic temperature _ 
range of 20 to 120 F. Periodic rains of torrential intensity and 
heavy dust storms also occur. As noted previously, the major 
auxiliaries are enclosed below the turbine deck by a lightweight — 
concrete-block curtain wall. This arrangement provides pro- _ 
tection from rain and dust and better maintenance conditions 
for the day-to-day work on the auxiliaries. The extreme tem- 
perature ranges can affect chlorinator operation if not adequately — 
protected (T. M. Morong). > 
Mild Climates. The over-all design of P.G.&F.’s Pittsburgh 


full-outdoor plant has attained a considerable degree of enclosure 


for operators and certain equipment by taking full advantage 
of numerous structural situations where low-cost enclosure 
could be made at desirable points (C. C. Whelchel). A porous 
gravel surface for the station yard is low in cost and rain water 
will seep into the ground without the need of a pipe drainage 
system (M. D. Engle). | 

Warm Climates. The boilers and heaters are the major dis- 


sipators of heat and it is practically impossible to provide satis- : wf 
factory ventilation if they are enclosed (John B. Saxe, Louis 


Elliott). The enclosed area below turbine decks can be ven-— 
tilated by hatches and/or by removable wall panels (E. C. | 
Duffy). 
Walk-In Enclosures. The consensus of opinion is that walk-in 
enclosures of some type are desirable for turbogenerators (H. G. 
Hiebeler, G. A. Gaffert, J. W. Keck). However, experience with | 


an outdoor plant in Southern California has proven such > 2 ae 


enclosures are not necessary as they do not offer any more pro- 
tection than can be obtained in a weatherproofed unit (W. L. 
Chadwick). 


Manufacturers’ Design. The major manufacturers of turbo- E a 


be reliable in operation and snaintenenee in the most adverse of _ 
weather conditions. 


Cumatic CONSIDERATIONS IN CONSTRUCTION 


There are no difficulties attendant to the erection of an out- 
door plant during warm and mild weather. For this reason 
erection costs can be held to a minimum by scheduling major 
construction of boilers and turbines during periods of expected 
nice weather (E. C. Duffy). The lack of protection afforded by 
an outdoor plant retards construction as the severity of climatic 
conditions increases. Temporary and adequate protection of 
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turbine unit during erection is mandatory (E. J. Garbarini). 
The additional cost of the temporary shelter will be spparentily 
less if the structure can be used year after year for turbine main- 
tenance. Shelter costs of workmen and also for other equip- 
ment increase directly with the inclemency of the weather. 

Inclement Weather. Construction lost time, according to 
E. C. Duffy, will probably not exceed 5 per cent in the case of 
boilers and 10 to 15 per cent for turbine-generators as a result of 
inclement weather. Turbine-erection costs normally have been 
estimated $5000 to $10,000 higher because of outdoor design. 
Experience has shown that the installation of a full boiler roof 
will save erection costs if construction has to be done during 
periods of inclement weather. 

Winter Weather. Experience by the Wisconsin Electric 
Power Company has proven the need of sheltering workmen and 
equipment if erection is not to be delayed during the winter. 
M. K. Drewry notes that 50 per cent erection-labor efficiency 
results from men spending half their time warming themselves. 

Rainy Weather. In locations with considerable precipitation, 
John B. Saxe and E. C. Duffy confirm that it is more logical to 
install a permanent roof over boilers as the cost of a temporary 
one during construction nearly approaches that of a permanent 
one. 


Cumatic Errecrs on Emptoree Comrort 


oe. improvement in employee comfort and contentment in 


outdoor plants, while intangible, is significant. Plants in areas 
of limited precipitation and high average temperatures offer 
definite advantages in personnel comfort, particularly in the more 
southern states. H. G. Hiebeler claims there is practically 100 
per cent preference in all ranks for the outdoor arrangement of the 
Houston Lighting and Power Company plants. 

It is to be expected that there are annoyances to operators 
where extremes of temperatures are involved. Operating soot 
blowers and other duties while facing a hot boiler casing with 
winter on the back is not conducive to good health of operators 
(G. A. Gaffert, John B. Saxe). In the Arizona Kyrene plant 
the operators have experienced discomfort in going from an air- 
conditioned control room: at 70 F into a station ambient of 100 F 
According to T. M. Morong the extreme temperature variation, 
have resulted in more colds and an increase of time off. 


OperRATION UNpER Severs WEATHER CONDITIONS 


Dust Storms. Three to five years’ experience in Texas with an 
outdoor plant has indicated no particular troubles arising from 
severe dust and sand storms that would not have occurred in a 
totally enclosed plant. In fact the nuisance would have been 
worse in a conventional plant since the dust and sand would 
have accumulated in the enclosed areas (C. W. Geue). 

Hurricanes. Several outdoor planis in Florida and Texas have 
been exposed to winds approaching 125 mph, and it has been 
found by experience that outdoor plants, when properly designed, 
are as reliable as conventional plants under hurricane conditions. 
No plant shutdowns have occurred that could be attributed to 
the plants themselves. The vulnerable equipments are the out- 
door switchyards and transmission lines. Indoor plants are 
not always dry during hurricanes (J. W. Keck, H. G. Hiebeler). 


Cumatic Errects oN MAINTENANCE 


The weather has the greatest influence on the cost and dura- 
tion of maintenance outages, and most, if not all, of the utilities 
schedule maintenance work in the milder seasons as far as sys- 
tem load patterns permit. G. A. Gaffert states the management 
of a steam plant in Louisiana consults with the weather bureau 


before an overhaul, planned. 


Cold Weather. Maintenance, in general, during extremely 
cold weather will take longer and cost more than in a fully 
housed station (Louis Elliott). It has been found at Sewaren 
Generating Station that it takes two to three times as long to do 
close-tolerance work on lining-wp rotary equipment (J. A. 
Inwright). 


However, even subfreezing temperatures and 


sleeting conditions are not a deterrent to any necessary main- __ 


tenance. For example 18 coils were replaced in a 60,000-kw 
generator under these disadvantages in a Texas outdoor plant 
(H. G. Hiebeler). R. A. Reid doubts if cold weather is a handi- 
cap as men are more productive in cold as compared to hot 
conditions. 

Paint Life. It is universally agreed that the problem of short 
paint life is common to all outdoor plants. At the present time, 
there has been no solution offered to combat the evil. It is 
apparent that it has to be tolerated. R. A. Reid suggests that 
outdoor painting costs are partially offset by not having exten- 
sive turbine and boiler structures to paint. 


OPERATION AND MAINTENANCE Costs 


Operational costs, in general, as a result of outdoor design have 
decreased. This has been brought about by the compactness and 
optimum placement of equipment, 


improved instrumentation, 
and the very nature of the open arrangement tending toward Ps, a 
betterment of supervision and the observation of plant activities. — = 


Maintenance costs are apparently increased, although diversity 
of opinion still exists on this score. The fact that the increased 
maintenance on equipment is somewhat counterbalanced by the 


reduction of maintenance on eliminated enclosures, plus the — 


introduction of climatic effects, gives an explanation for this 
contradiction. 


Operation. The cost of adequate centralized controls, s 


states T. M. Morong, has been well worth the investment ir my 


reduced personnel requirements. 

No operational difficulties have appeared in the outdoo 
plants except that extreme temperature variations have resul 
in more colds and time off for operating personnel (T. M. 
Morong). According to R. A. Reid, an outdoor plant subjec 
to the adverse weather conditions of Montana has not resul 


in increased pay for the operators, and it is believed that lees 


personnel are required. 
Maintenance. In general, the consensus of opinion is that — 
maintenance of outdoor equipment takes longer because it 


necessary to spend additional time to protect and clean exposed _ 


parts, not normally required in a conventional plant. 


It is universally accepted that cold or inclement weather has 


an adverse effect on outage time, particularly when close-toler- 


ance work is attempted in extremely cold weather. J. A. | 


Inwright notes that this latter will take two to three times as 
long. 
The exposed breeching, 


be less in an outdoor installation. Conversely, they could be 


appreciably greater. 

The advantages of being out in the open, having natural light 
and sufficient space, has speeded up maintenance work, Another 
asset is the more pleasant working conditions. This is par- 
ticularly true on outdoor boiler auxiliaries such as soot blowers, | 
burners, fans, and so on. 


high-temperature areas. E. C. Duffy states that the saving» 


ducts, and boiler casings need painting ms 
oftener than in conventional installations. 

The disadvantages of outdoor maintenance are costly. How- 
ever, there are a number of advantages which take away a great a 
part of the sting. It is not unlikely that in some cases, due to fe os 
climatic and other considerations, the maintenance costs will 
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here outweighs lost time due to maintenance performed during 
low-temperature periods. 

R. A. Reid doubts that cold weather is a handicap or that it 
increases maintenance costs. 

The increased ease of routine cleaning in outdoor design by 
permitting the washing down of the open areas rather than 
sweeping or vacuum cleaning represents a saving (W. L. Chad- 
wick). 

MAINTENANCE OF INSULATION 

The subject of additional maintenance cost on the outdoor 
pipe insulation has not been given the attention it warrants. 
Approximately 5 per cent of the capital investment in power 
plants is in pipe insulation, yet Johns-Manville Company states 
that the art of insulation has not progressed to the point where 
it is entirely acceptable to the exacting requirements of utilities. 
From cursory mention of the subject in the several papers on 
outdoor plants, the impression is given that the continual main- 
tenance required is a necessary evil. There seems to be room 
for improvement. For instance, the Hunter Manufacturing 
Corporation states that the use of aluminum-alloy insulation in 
outdoor design will reduce maintenance costs and will impart 
sustained higher insulation efficiency. 


Construction Costs Exc.usive or Ciimatic CONSIDERATIONS 


There are two main reasons for adopting outdoor designs: The 
saving accomplished in first cost and the reduction in time and 
cost of the actual construction. This latter has been the subject 
of numerous studies and many figures have been quoted covering 
the estimated saving in construction costs effected by utilizing 
outdoor designs. The influence of the weather on construction 
costs is an adverse variable that, for the time being, will be left 
out of the picture (Louis Elliott, E. C. Gaston). 

Possibly the greatest savings in construction costs are affected 
when a ranch-style layout can be employed. This type spreads 
the plant over a wider area and all major equipment, foundations, 
ete., are located at ground level (E. C. Gaston). 

Outdoor plants tend toward simplification of design, thus auto- 
matically reducing construction costs. There remain many 
design features which may be changed to reduce these costs 
further (W. L. Chadwick, M. D. Engle). 

The several basic advantages in outdoor design which con- 
tribute toward reducing the over-all construction costs are as 
follows: 

Reduced Construction. Elements of construction, such as 
building structure, are omitted in the outdoor plant as compared 
to conventional plant of the same design (E. J. Garbarini). 

Increased Accessibility. This inherent advantage in outdoor 
design aids the constructor in placing equipment and erecting 
component parts of the structure and apparatus. The improved 
accessibility makes it possible to use motorized moving and lift- 
ing equipment to better advantage. The elimination of structure 
walls extends the range of derricks and truck cranes. Trucks 
and truck cranes can be fully utilized to place many items of 
apparatus in final position. A large capacity caterpillar crane 
ean be used during the initial plant erection, then later on in 
place of permanent steel structures and hoists (W. L. Chadwick, 
E. J. Garbarini, M. D. Engle). 

Foundations. Since the foundation slab in outdoor design is 
often near ground level, the slab can be poured shortly after the 
construction force is organized, thus permitting the erection of 
boiler steel soon thereafter and the turbize-pedestal construction 
to follow shortly (Louis Elliott). 

Concrete Work. The amount of reinforced-concrete floors and 
roof decking at considerable heights above ground level is 
reduced in outdoor plants (E. J. Garbarini). 


Reduced Construction Personnel. The number of structural 
elemei.ts being less in outdoor design, a smaller labor crew is 
required. Construction supervision is noticeably more effective 
and there will be less interference between structural workers and 
equipment erectors (W. L. Chadwick, E. J. Garbarini). 

Scaffolding Costs Reduced. The requirements for painting 
and electric-lighting fixtures in high places are reduced in out- 
door design. This decreases scaffolding costs as well as electrical 
and painting costs (E. J. Garbarini). 

Lighting Costs. The natural dayhght affords better visibil- 
ity and less artificial lighting is required during the construction 
of outdoor plants (E. J. Garbarini). 

Some construction costs, will, of necessity, be more expensive 
in outdoor design plants than in conventional enclosed plants 
of the same capacity. The basic cause of this is the lack of pro- 
tection resulting from eliminated enclosed structures. Some of 
the increased construction expenses are: 


1 Providing temporary shelters 
materials and equipment. 

2 Protection of turbogenerator units during erection (E. J. 
Garbarini). 

3 Weatherproofing of insulated steam, water, and oil lines 
requires additional labor and materials (Johns-Manville). 


for workmen, storing 


Conr.ict oF OPINION AND PREJUDICE PERTAINING TO OUTDOOR 
DeEsIGNn 


Outdoor design of steam plants has not found universal ac-— 
ceptance by the electric-power companies. There are, perhaps, | 
many justifiable reasons to account for this. The question of _ 
indoor versus outdoor power plants, according to M. K. Drewry, 
is a geographical and circumstantial one that probably : 
never have a simple answer. 

F. W. Argue believes it is unfortunate that controversy has 
developed regarding the feasibility of outdoor construction and | 
that opinions have been formed without factual basis. At one 
extreme, there is doubt that outdoor stations are practical 
for other than the most favorable climate. This latter is more 
or less confirmed by G. A. Gaffert who notes that the outdoor 
plant has its place particularly in the type of climate where 
the plant is not subject to extremes of climate. Contrary to 
this, R. A. Reid has found from actual experience that outdoor 
plant operation is feasible for the severe climatic conditions of 
the Montana area. 


hot weather as in New York. Sy 

Louis Elliott remembers in years past that in meetings of | : 
utility-industry committees, radical new ideas have more than he 
once encountered tolerant pity from the conservatives. The ge tal} 
installation outdoors of large boilers and turbines has run the 
gauntlet of ridicule, doubt, criticism, and gradual acceptance — 
after the volume of successful installations commanded approval. — 

At the present there are no standards or definitions to indicate | 
the degree of outdoorness of a steam plant. Mr. Elliott 
reminds us that outdoor is a convenient, and nowadays a oon- : 
ventional term for denoting plants in which one or more impor- 
tant units of equipment are installed without protection from the 
weather. 


Reasons HinperRiInG UTmization or OuTDooR DesiGn 


Two very different versions are offered for the delay in apply- 
ing the outdoor design to power plants. J. W. Keck indicates — 
one reason being that it was necessary to adapt much equipment — 
for outdoor use, such as turbines, exciters, motors, instrument — 


Also, E. C. Duffy intimates that outdoor 
plants are preferable particularly where there are long periods of i 
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automatic control had reached the stage where routine ee 
could be remotely controlled. 
ee 


E. C. Gaston explains that outdoor design has not been 
employed more frequently in the Southern Services, Inc. as the 
distribution of hydro and steam capacities and system load is 
such that maintenance outages on steam-electric plants have to be 

scheduled during the season of heavy rainfall and inclement 
weather. These adverse climatic conditions may s0 increase 
maintenance costs that the increase, when’ capitalized, would 

- offset any saving in eliminating enclosures. 


ArcuMENTs AGainst OvutTpoor DesiGNn 


Noise PrRoBLeM 


pmother debatabte io ti Chand 
wick’s contention that this may be serious enough at some sta- 
tion sites practically to eliminate the possibility of outdoor 
design. Contrarywise, E. C. Duffy has established through 
the actual operation of outdoor boilers and turbines of the 
Long Island Lighting Company that sound emanating from 
such equipment is rapidiy attenuated, and the noise level at 
various distances has created no noise problem. As a matter 


of fact, experiences with brick enclosures indicated that the pe 


effect was similar to a piano sounding board, resulting in ampli- 
fication of the power-plant noise to surrounding areas. 


CoNCLUDING OBSERVATIONS 


Extremely important data on the advantages and disadvan- _ a 


tages of outdoor construction have been presented by the various 
authors. It is believed that many of the apparently divergent 
views could be reconciled in greater degree if a more careful 
study were made of the premises upon which each statement is 
based. The basic problem appears to center around the degree 
and type of outdoorness which will yield the minimum over- 
all cost of production, including fixed charges, for various types 
of climate and system operating requirements. It would be an 
oversimplification of the problem to decide the case merely 
“for’’ or “against” the outdoor plant. 

If a future symposium is held on this subject, it should include | 


a very careful appraisal of the data presented by the present . i Bo: 


authors in terms of the four factors mentioned in the foregoing. 
Very definite appreciation is due the many authors for their — 
valuable contributions in this Symposium. 
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/ Flow in Corners of Passages With 


Conditions for convective heat transfer are known to be 
especially poor in the corner regions of noncircular pas- 
sages. This situation causes the passage walls to become 
too hot in certain types of heat exchangers and directs 
attention to flow conditions in the corner regions. An 
experimental and theoretical investigation was conducted 
on the flow characteristics of triangular-shaped passages. 
Flow-visualization techniques revealed the remarkable 
fact that through a certain range of Reynolds numbers 
laminar and turbulent flows exist simultaneously side by 
side. Pressure measurements were made on two ducts to 
study the influence of the geometry on the hydrodynamic 
entrance length. The velocity field within the ducts was 
measured over a Reynolds number range from 500 to 
435,000. An analytical study of the flow resulted in the de- 
velopment of a simple expression to describe the velocity 
field under the conditions of laminar fully developed flow 
in a narrow corner. This expression was confirmed ex- 
perimentally using a sensitive micromanometer developed 
for this purpose. 


By E. R. G. ECKERT? ano T. F. 


following nomenclatt re is used in t paper: ae? 


friction factor 
distance 
distance 
length of triangle height 
length of triangle base 


pressure 


velocity in flowdirection 


co-ordinate distance 
co-ordinate distance 4 iltiw ytholay 
le tat aff 


finite increment 


NOMENCLATURE 


d 
f 
h 
H 
L 
l 
Pp 
r 
R 
w 
y 
6 
v 
p 
T 
A 


Subscripts 
avg = average value 


1 This research was sponsored by the Wright Air Development Cen- 
ter, Air Research and Development Command. 

? Professor of Mechanical Engineering, University of Minnesota. 
Mem. ASME. 

3 Instructor, Mechanical Engineering Department, University of 
Minnesota. 

Contributed by the Heat Transfer Division of Tae American So- 
creTY OF MECHANICAL ENGINEERS and presented at the Heat Trans- 
fer and Fluid Mechanics Institute, Los Angeles, Calif., June, 1955. 

Nore: Stat ts and opini advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, August 
22,1955. This paper was not preprinted. 


— oncircular Cross Sections 


IRVINE, MINNEAPOLIS, MINN. 


d = duct 
h = hydraulic 


INTRODUCTION 


Noncircular passages through which a fluid is mn ted occur 
quite frequently in engineering applications. In heat exchangers, 
for instance, the ducts are very often of a noncircular shape. Cor- 
respondingly, friction and heat-transfer characteristics of such 
passages have been investigated for various duct cross sections 
in the past (1 to 4).4 Usually in such applications, the over-all 
pressure drop and the average heat transfer were the only values 
of practical interest to the engineer. 

For recent applications, however, like gas turbines or nuclear 
power plants, heat exchangers are needed which operate at ex- 
tremely high temperature levels. As a matter of fact, the de- 
signer is in these cases interested in raising the temperature level 
under which the heat exchange takes place as high as possible. 
Usually, the limitation to this effort is set by the temperature 
which the material from which the heat exchanger is constructed 
can safely withstand. The designer is, therefore, interested in 
determining the location where the wall temperature within the 
heat exchanger will assume its highest value. In order to calcu- 
late those hot spots, the local heat-transfer coefficients have to be 
known. 

It is to be expected that the heat transfer from a fluid flowing 
through 4 noncircular passage and cooling the duct walls will be 
lowest near the corner of such passages. Therefore knowledge of 
heat-transfer conditions in such corner regions is of special inter- 
est in the applications mentioned. Measurements on the local 
distribution of heat-transfer coefficients around the periphery of 
noncircular passages are nonexistent. For this reason, calcula- 
tions (5 to 7) which had been made on the temperature distribu- 
tion in the walls of polygonal passages of heat exchangers had to 
be based on local shearing stresses derived from measurements by 
Nikuradse (2 and 3), These measurements, however, have been 
made only at high Reynolds numbers, for which the flow is well 
in the turbulent range. Applications, or. the other hand, have 
to deal frequently with flow at lower Reynolds numbers and it had 
to be suspected that the local cooling conditions in corners are 
considerably poorer for laminar flow than for turbulent ones. 

For this reason, an investigation has been started with the aim 
to clarify flow and heat-transfer conditions in noncircular pas- 
sages. Realizing that no proper understanding of convective 
heat transfer is possible without a good knowledge of flow condi- 
tions, this investigation was started with a study of laminar, 
transitional, and turbulent flow in triangular ducts. The results of 
this investigation are reported in the present paper. Triangular 
ducts with one sharp angle were chosen, since it was expected that 
flow conditions in a corner of small angle will differ most widely 
from the known conditions in a round tube. 

Previous investigations on ducts with triangular cross sections 
were made by Schiller (1) and Nikuradse (2 and 3). Schiller 
measured average friction factors for a duct with an equilateral 
triangle as cross section having a hydraulic diameter of 0.609 
in. and a side length of 1.05 in. His measurements were made 
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with water in a Reynolds number range from 4000 to 228,000. 
All measurements were made downstream from a position 80 
hydraulic diam from the duct inlet. The Reynolds number 
is based on the average tube velocity and the hydraulic diameter. 
Nikuradse made friction measurements, also using water, on 
ducts with an equilateral triangle, a right isosceles triangle, and an 
acute triangle as a cross section. The characteristic dimensions 
of these duct cross sections are given in Table 1. 


CHARACTERISTIC DIMENSIONS OF NIKURADSE'S 
TRIANGLES (10) 


TABLE 1 


Length of 


T of 
side (I), in. 


Hydraulic 
geometry 


diam, in. 


Angle a, tion hydraulic 
“tee diam 
60 


0.615 1.062 


0.826 
1.511 


Nikuradse measured friction factors for these ducts in a Reyn- 
olds number range from 600 to 200,000. He also measured the 
velocity field in the exit plane of the ducts at Reynolds numbers 
between 20,000 and 30,000. From these measurements he ob- 
tained the local shearing stresses around the duct peripheries. 

This paper discusses the experimental and theoretical studies 
which have been made on two ducts of triangular cross section. 
Both triangles were isosceles, the first having a height-to-base ratio 
of 5:1 and a hydraulic diameter of 0.908 in. and the second hav- 
ing the same hydraulic diameter with a height-to-base ratio of 
2.56. The Reynolds number range extended from 500 to 43,000. 

Flow-visualization techniques, pressure measurements, and 
probing of the velocity field were used to examine the flow of air 
through these ducts. Information was obtained in the laminar, 
transitional, and turbulent-flow range. 

In order to make velocity measurements in the laminar-flow 
regime, it was necessary to develop a micromanometer having suf- 
ficient sensitivity to measure air velocities below 2 fps. 

Concurrent with the experimental program, the velocity field 
in laminar flow through triangular ducts was calculated by relaxa- 
tion techniques and analytical methods. The results of these 
calculations indicated possible generalizations of the experimental 
findings. 

Experimental Apparatus. The basic flow apparatus used in 
these studies is shown in Fig. 1. Under the influence of a blower 
located downstream, air from the room was drawn through a se- 
ries of seven cloth-settling screens, past a well-rounded entrance 


Not 


rection was a duct portion in which the asinine ion : anged from 
the triangular shape to a circular one. Then the air passed 
through a flowmeter and returned to the room through the 
blower. The duct was fabricated from plexiglas and suspended 
rigidly by a steel frame. 

As mentioned previously, two triangular ducts were used in 
this investigation. Both had a cross section formed of an isosceles 
triangle with the small angle on Duct I having a value of approxi- 
mately 12 deg while the same angle on Duct II was approximately 
25 deg. 

Table 2 summarizes the important dimensions of both ducts. 
The hydraulic diameter listed in both Tables 1 and 2 is the ratio 
four times the cross-sectional area to circumference of the duct. 


TABLE 2 INSIDE DIMENSIONS OF DUCT USED IN EXPERI- 
MENTS 

Apex an- 

gle. deg 


11.5 
24.8 


Over-all 
length, ft 
6.0 


Triangle Triangle 


height, in. 
0.908 5.00 
0.908 2.80 

Holes were drilled through the walls of the duct for making 
static pressure measurements and for inserting probes into the 
main flow. Near the downstream end of the duct a slot of 0.080 
in. width was cut across the top of the duct perpendicular to the 
flow direction. A total pressure probe was inserted through this 
slot into the main flow for measuring velocity profiles. While 
making measurements the slot was sealed with tape te avoid 
leakage. The probe location within the duct was determined by 
noting the readings on two vernier calipers which were attached 
to the rigid frame forming a Cartesian co-ordinate system. 

Instrumentation. The total air flow through the duct was 
measured either by a rotameter, a venturi, or by determining the 
entrance velocity with a total pressure probe before the flow pro- 
file had developed. Comparisons between the three methods of 
measurements agreed to within +2 per cent. 

In order to make flow-visualization studies within the duct, ci- 
gar smoke was inserted into the stream by means of a probe. The 
smoke was obtained from a generator, whose general details are 
shown in Fig. 2. It was constructed from laboratory stands, 
clamps, and glassware. 

Velocities within the duct were measured with a small total- 
head probe in conjunction with a manometer which determined 
the difference between the total and static pressures. It is gener- 
ally desirable from the standpoint of noninterference with the 
flow field to make the probe diameter small with respect to the 
duct dimensions. On the other hand, at low velocities and small 
probe diameters, the effects of viscosity cause an error in the total 
pressure reading (9) which is troublesome to correct. As a 
compromise between these two restrictions, the probe dimensions 


Hydraulic 


Duct no. diam, in. 


I 
II 


base, in. 


were chosen as follows: 
(a) Length of probe in the flow direction: 0.55 in. Press as, 


section, and into a triangular-shaped duct. After leaving the main 
duct in which the measurements were performed, the air traveled 
through a triangular extension with the same cross section and a 


honeycomb flow straightener. Further on in the downstream di- 


(b) Outside diameter of probe: 0.049in. 
(c) Inside diameter of probe: 0.033in, = 
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To determine the difference between the total and static pres- 
sures, it was necessary to make measurements of very small 
pressure differences. A commercial micromanometer (Meriam 
Type A-750) was used to read pressure differences greater than 
0.002 in. of water. This sensitivity was satisfactory for most of the 
velocity measurements in the turbulent-flow regime. In the 
investigation of the laminar regime, it was necessary to read pres- 
sure differences as low as 0.0002 in. of water. For this purpose a 
more sensitive micromanometer was developed wherein the 
change in liquid level rotated a floating cylinder which had a mir- 
ror attached toits top. The cylinder rotation was detected by an 
optical system and read by a telescope. This micromanometer, 
which will be described in more detail in a separate paper, can be 
used to measure accurately pressure differences of order 10~* 
in. of water. 


REsuULTs OF THE EXPERIMENTAL PROGRAM 


Flow Visualization. The first investigations of the flow within 
triangular-shaped passages were made by conducting flow-visuali- 
zation studies. The flow was made visible by injection of smoke 
through a small probe which could be moved along the height of 
the triangular cross section. The smoke probe was located 24 
hydraulic diam from the entrance of Duct I and 35 hydraulic 
diam from the entrance of Duct IT. 

For these investigations it was essential to reduce disturbances 
which are carried with the air into the duct toa minimum. For 
this reason the settling chamber and the seven screens of very fine 
mesh size were arranged at the inlet to the duct. It was also 
found that the setup, in which the air was sucked by the blower 
through the duct, produced less disturbances in the air stream en- 
tering the test section than a setup in which the blower was situ- 
ated upstream and pressed the air through the duct. 

As the smoke probe was moved from the apex toward the base, 
it was first observed that over a certain distance the smoke ap- 
peared as a completely stagnant thread. As the motion toward the 
base continued, the smoke thread began to exhibit sinusoidal 
waves (similar to Tollmien-Schlichting waves) traveling down- 
stream and fluctuating within the lengthwise plane which con- 
tains the height of the cross section. Finally, as the probe 
reached a position closer to the base, the amplitude of the waves 
increased until, at a certain point, the smoke thread diffused 
within a short distance downstream from the probe, indicating 
fully developed turbulence. Fig. 3 is a series of photographs il- 
lustrating the three types of flow described in the foregoing. 
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In order to determine the extent of the laminar regime near 
the triangle apex, a series of smoke studies was made at different 


Reynolds numbers. For the purpose of this study, the extent of =| 


the laminar regime was defined as the region from the apex to 
where the smoke thread first began to exhibit the lengthwise 
fluetuations. The remainder of the flow was defined as turbulent. 
Fig. 4 presents the curve obtained from such observations for 
Duct I. The amount of air flow through the duct is in this fig- 


ure represented by the dimensionless parameter Re which is based _ 


on the average velocity wave and on the hydraulic diameter d,. 
The distance 2 in which the first fluctuations of the smoke thread 


occurred is made dimensionless by the duct height L and plotted = | 


as ordinates. 

Three probes of outside dinm 0.035, 0.049, and 0.065 in., 
respectively, were used in gathering these data. No effect of 
varying the probe size was noticeable. The solid lines in Fig. 5 
show the curves for both ducts without the insertion of the ex- 


perimental points. All measurements were made near the ve- — 


locity-profile station. 


It is interesting to note that the Reynolds number for which the | 
flow is laminar in the whole cross section is quite low in compari- | 


son to values for a round tube. On the other hand, the laminar 
zone which decreases in size with increasing Reynolds number can 
still be observed for quite high Reynolds numbers. 


Mention should be made at this point of the question of whether _ 


the flow was fully developed. Since in these studies it was ob-— 


served that the smoke thread remained parallel to the tube axis, © 


it was inferred that complete flow development had taken place. __ 


As will be described in a later section, further measurements were 


made of the longitudinal pressure gradient to investigate this ; 


consideration. 


The flow visualization thus revealed the surprising and remarka- ee : 


ble fact that in a triangular passage, laminar flow and turbulent 
flow exist side by side for an unlimited time (or duct length). 


The damping properties of the shear flow near the triangle apex 


are so pronounced that they do not permit even the large turbu- 
lent fluctuations which are expected in the turbulent zone to 
spread into the corner region. 
laminar regions exist generally near corners of noncircular pas- 
sages. Their existence will be of considerable importance in 
various applications. It may, for instance, be suspected that 
they present a pronounced obstacle to heat transfer between duct 
wall and air flow near the corners. 


Velocity Profiles. The velocity field of the flow through the 


It is to be expected that such : 
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duct was measured in a plane located 71 hydraulic diam 
from the entrance of Duct I and 66 hydraulic diam from the 
entrance of Duct II. As described, provisions were made for 
inserting a probe into the air flow and for determining the location 
of the probe within the duct. 

Three static pressure holes were located around the periphery 
of the duct in the plane containing the end of the total pressure 
probe. Differences between total and static pressures were read 
with the micromanometers previously described : 


A number of velocity surveys were ai at different Reynolds 
numbers. The Reynolds number range covered in Duct I was 
from 750 to 26,000 and in Duct IT from 500 to 43,000. Since 
velocity profiles were measured in both directions perpendicular 
to the flow, it was possible at the end of any one survey to check 
the average velocity read with the rotameter or venturi against the 
average velocity obtained by integrating the profiles. Table 3 
lists the Reynolds numbers at which the various profiles were 
taken and the difference in per cent between the velocities given 
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Per cent difference 


Duct no. Reynolds number 
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2000 


by the rotameter or venturi and by integration of the profiles. 
With the exception of four runs in which larger deviations existed 
for unexplained reasons the agreement of both ways to measure 
the average velocity appears satisfactory. 

The velocity data are presented in various ways to bring out 
different characteristics of the flow. Fig. 6 shows the center-line 
profiles from the apex to the center of the base for Duct I at vari- 
ous Reynolds numbers. The corresponding plot for Duct II is 
similar. The scale w/wavg applies to the profile with the lowest 
Reynolds number. For the other profiles the scale has to be 
shifted such that all profiles start with the value zero at x/L = 0. 
For the lowest Reynolds numbers (1000) in Duct I, the velocity 
variation starting from the apex and traveling toward the trian- 
gle base is seen to be parabolic for a considerable distance. This 
is in agreement with a calculation for laminar fiow in a corner 
which will be described in the next section. As the Reynolds 
number increases, this parabolic variation is seen to get smaller 
in extent until at a Reynolds number of 26,100 no evidence of 
laminar flow remains which is perceptible by this method. 

Short vertical lines on the profiles in Fig. 6 indicate the loca- 
tion at which the first fluctuations were observed by flow visuali- 
zation (as indicated by Fig. 5). It will be noticed that the para- 
bolic variation persists past the point defined as the end of the 
laminar regime in the smoke studies. Apparently, the flow dis- 
turbances which are perceptible by the smoke technique are not 
of sufficient magnitude to affect the velocity distribution seri- 
ously. This agrees with observations on the transition process 
from laminar to turbulent flow in other types of flow. 

The dashed lines in Fig. 5 indicate the point at which the 
velocity profiles in both ducts begin to deviate from a parabolic 
variation. 

Figs. 7 and 8 show velocity profiles taken along a line parallel to 
the base for Duet I. Profiles are at a and at 
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a high Reynolds number. At the low Reynolds number the ve- 
locity profiles have a parabolic shape. An exception to this exists 
only for the profile at D in Fig. 7 which, under the influence of the 
nearby wall, assumes a fuller shape. Some of the profiles exhibit 
some assymmetry. Noexplanation for this fact is known. Fig. 8 
exhibits profile shapes which are typical for turbulent flow. 
teresting is the shape of the profile shown in Fig. 8 at 2/L = — 
0.975. In this plane the velocities near the corner are larger than _ 
in the center. Nikuradse (2) also found from measurements at 
small distances from the passage wall that the velocities were 
larger near the corners than along the central part of the passage. 
He attributed this to secondary flows which move fluid particles 
from the core of the fluid toward the corner regions. In this 
aren profiles which indicate such a secondary flow were 
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found only at the highest Reynolds number. This appears to in- 
dicate that such secondary flow exists only for well-developed tur- 
bulent flow. 

Pressure Drop. It was mentioned previously that the smoke 
thread in the flow-visualization studies remained parallel to the 
longitudinal axis of the duct and that this was taken as an indica- 
tion that the flow field had become fully developed at the section 
where the smoke was introduced. As an independent check, 
measurements were made both of the change of the triangle 
height-velocity profile with duct length and the variation of the 
pressure gradient in the flow direction. 

Determination of the flow development by velocity-profile 
measurements was not very satisfactory. Not only were the data 
time-consuming to obtain, but an experimental accuracy suf- 
ficient to detect slight changes in the profile shapes was difficult to 
obtain. 

Measurements of the pressure gradient along the duct length, 
however, gave a clear picture of the process in which the flow de- 
veloped. This can be seen from Figs. 9 and 10. Fig. 9 presents 
the results of these measurements for Duet I. The pressure drop 
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was determined between consecutive pressure taps along 
the duct. It is plotted in Fig. 9 over the location half- 
way between the corresponding taps. The figure indi- — 


cates that for low Reynolds numbers, for which the flow 
is laminar in the whole duct length, the pressure drops monotoni- _ 


cally from the duct entrance toward the exit. 


The asymptotic | 


value which the pressure drop approaches for large duct lengths — 


appears to be reached sufficiently at the exit cross section. 


For 


medium Reynolds numbers the pressure drop along the duct be- _ 


haves in a peculiar way. 


It drops within a certain length toa = 


minimum and then approaches the asymptotic value from below. 
There are indications on some curves that behind the minimum __ 
the pressure drop goes through a maximum in the downstream __ 
direction and approaches from there the asymptotic end value. 
This behavior is understandable when it is kept in mind that two _ 


processes take place simultaneously: The development of the 


flow from the inlet condition to the fully developed condition and = 


the transition from laminar to turbulent flow. 


This first can be | 


visualized as a growth of boundary layers from the duct walls into © 


the interior of the channel until they meet in the center. 
process causes in laminar as in turbulent flow the pressure drop 


This 


to decrease with increasing boundary-layer thickness. The tran- _ : 
sition process is known to increase friction and pressure drop as it 


proceeds from laminar to turbulent flow. 


The interaction of both processes delays the establishment of 
fully developed flow so that for the medium Reynolds numbers a — 
constant pressure drop cannot yet be observed in Fig. 9 even at a | 


distance of 71 hydraulic diam from the inlet. 


Fig. 10 for Duct II presents essentially the same pressure-gradi- _ 


ent condition. 
to become fully developed at the duct exit. 


At the lowest Reynolds number, the flow appears _ 
From a Reynolds 


number of approximately 3000 to 4300 the flow definitely is still 


developing at a distance of 61 hydraulic diam from the entrance 
and at the higher Reynolds numbers, it seems to once again 
be fully developed at the exit. 


It has been pointed out that it was difficult to detect a change in _ 


the shape of the velocity field in the latter part of the duct 
within the accuracy of the measurements. 


Obviously pressure- 


drop measurements are a more sensitive indication of undevel- ss 


oped or developed flow conditions. 


Figs. 9 and 10 indicate that very long ducts have to be investi- B 
gated if accurate knowledge on friction in the fully developed flow — 
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condition is required. The trends indicated by the figures also 
make it doubtful whether fully developed conditions were always 
obtained in the previously published measurements on friction 
factors in noncircular ducts. 


THEORETICAL INVESTIGATIONS 


‘ae ; Velocity Field. Analytic and numerical solutions may be ob- 


tained for the triangular duct in the laminar case. Only fully 
developed flow will be investigated in these paragraphs. Fig. 11 
shows a sketch of the triangular duct with the co-ordinate system. 
For the meaning of other symbols refer to the nomenclature. 

For fully developed laminar flow the velocity components in 
the z and y-directions are zero and the velocity component w in 
the z-direction is independent of z. With constant property 
—_ the velocity field is described by 


ow 
2 

Or 

Two approaches were used in the solution of Equation [1]: 


(a) Numerical solutions by relaxation. 
(b) Solution of the differential equation with simplified bound- 
ary conditions. 


Each of the two methods will be described in the following pages. 

Solution of Differential Equation by Relaration. Equation [1] 
may be transformed into a finite difference equation either by di- 
rectly changing the partial derivatives into a finite form or by re- 
deriving the equation for a finite fluid element. With the triangu- 
lar shape of the duct, either a rectangular or a triangular mesh 
ean be used to obtain the finite-difference equation. The rec- 
tangular mesh was preferred in this case for its simplicity in the 
numerical calculations. 

Using standard relaxation techniques, the velocity distribution 
was calculated for Duct I. These data will be discussed in com- 
parison with other solutions in the next sections. 

Solution of Differential Equation With Simplified Boundary 
Conditions. The complete set of boundary conditions which the 
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velocity w has to fulfill in addition to Equation [1] for the duct in 
Fig. 11 are 


1 wheny = w 


2 whenz = L,fory < Ltana; w =0 


By neglecting the second boundary condition—a procedure 
suggested in the finite-difference analysis—a simple solution é 


Equation [1] is obtained, i.e. 
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yo 
— tan? a) (z tan 

This solution is easily checked by differentiation. The area 
in which it can be applied in a triangular duct will be investigated 
in a later section. 

A solution of Equation [1] can also be obtained in a relatively 
simple way for a duct with the cross section having the shape of a 
circular sector. The method of fitting the circular sector to the 
triangle is shown in Fig. 12. For small angles a it can be expected 
that the velocity field in a duct with triangular cross section is 
similar to the one with a circular-sector cross section. Once this 
geometric substitution has been made, the solution can be found 
by techniques previously used in torsional analysis (8). Using 
two-dimensional polar co-ordinates, the velocity distribution ‘in 
the circular sector can be expressed by ; 


The agreement between the three solutions discussed up to now, 
i.e., relaxation, open angle, and circular sector for duct cross sec- 
tion I can be seen from Fig. 13. In this graph the three velocity 
profiles for y = 0 are plotted. Since the open-angle solution has 
no cognizance of the base wall, it departs from the other two at the 
point where the effect of this wall begins to become appreciable. 
There exists in the literature an exact solution of Equation [1] 
for an isosceles triangle when a = 30 deg, i.e., when the triangle 
is equilateral. This solution, which is also discussed in reference 


(8), can be expressed by 


1 Op : 
—z) 


~ oz 
) 
3 
3 
Equation [4] will prove to be of use shortly when the subject of 
the area of validity of the oper -angle solution is investigated. 
Comparison of the Different Solutions. A solution to Equation 
[1] is useful by the degree to which it approaches the following 
conditions. 
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OMPARISON OF THREE ANaLytic VeLocity SoLuTIONS 
Atone TRIANGLE Heteut, Duct I 


1 The solution can be expressed by a simple mathematical 
function, 

2 The solution accurately describes the velocity field within 
the actual duct. 


Equation [2], the open-angle solution, is the most satisfactory — 
from the standpoint of simplicity. 
[3] for the circular sector would appear to be more accurate, con- _ 
sidering as it does, the effect of the far wall. Because the simplic- 


ity of Equation [2] will be an important factor in future heat- 


transfer calculations, it is important to know over how large an — 


area of the duet it accurately describes the true velocity field. To ol 
investigate this question, it will be assumed for the moment that 


the circular-sector solution is sufficiently accurate to serve as a 
standard of comparison. Later, the validity of this assumption — 
will be discussed. 


The simplest way to compare the open-angle and circular-sec- i 


tor solutions is to write them down in the same co-ordinate sys- 
tem. This is done in the following: 
Open angle 


Op xz? tan? a — y? 
1 — tan? 


tan? a — y* 
1 — tan’? 


Comparison of the foregoing equations shows that the series part 
of the circular solution can be considered as a correction for the 
effect of the base wall. 

It is now possible to determine the range of validity of Equa- 
tion [5] by arbitrarily specifying a percentage deviation from 
Equation [6] to be considered significant. Such a calculation has 
been made and the results are geese ed in Fig. 14. 


On the other hand, Equation _ 
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é a the value of z along the height of the triangle (y = 0), 

_ where Equation [6] gives a velocity 2 per cent less than that pre- 

- dicted by Equation [5], has been plotted for different values of the 
apex angle Za. Strictly, the values of z in Fig. 14 are the ra- 

a 4, is dii of a circular sector with which the open-angle solution is 


compared. 
Before being completely satisfied as to the results of the area of 
usefulness of Equation [5] in describing the velocity field in the 
apex, it is necessary to discuss the correctness of the standard 
chosen for the foregoing comparison, i.e., the circular sector. 
For this it is only necessary to investigate the region near the 
base of the triangle, i.e., between the 2 per cent points and the 
riangle apex. 
To prove this for an arbitrary angle would involve an excessive 
a of calculations, because the velocity field would have to be 
calculated for several angles by relaxation or by analytic meth- 
ods. Therefore the comparison of the sector solution with 
the one for a triangle will be made for one angle only for which 
- the exact solution is known, i.e., the equilateral triangle. 
Fig. 15 shows a comparison of the three solutions for the 60-deg 


equilateral triangle near the apex. It is of interest to see that 
the circular sector and the exact solution are the same up to a 
value of z/L = 0.24, whereas the 2 per cent point at this angle is 
only z/L = 0.025 or one order of magnitude lower. The cross 
profiles (with « = const) have also been compared for the sector 
and exact solution for 2a = 60 deg and z/L = 0.24, and they de- 
viate from each other by no more than slide-rule accuracy or 
about | per cent. 

To further substantiate the assumption that the circular-sector 
solution is valid up to 2 per cent points, there is available the re- 
laxation solution for 2a = 11.5 deg previously discussed. For 
this angle, the 2 per cent point is z/L = 0.72 and the relaxation 
and circular-sector solutions agree to essentially the same point. 

The results of the calculations presented in these sections can 
be summarized or generalized in the following way: 

Laminar flow near the corner of a noncircular duct is influenced 
in a certain region only by the avigle of the corner and not by the 
duct shape. If the walls which form the corner are plane walls 
then Equation [5] describes the velocity field near the corner, 
and Fig. 14 can be used to determine how far away from the 
corner this equation is valid. The length Z in this figure has to 
be chosen as the average distance of the corner from o y 
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Comparison Between Experimental and Theoretical Velocity 
Profiles. By using the micromanometer developed for this pur- 
pose, it was possible to make velocity measurements in both ducts 
when the flow was laminar or very nearly so. 

Fig. 16 shows the velocity profile taken along the height of the 
triangle in Duct II for the smallest Reynolds number investi- 
gated. In this figure, the experimental points are compared with 
a profile calculated from the appropriate circular sector. The 
measured velocities are corrected for probe-viscosity effects ac- 
cording to the method described in reference (9). The correc- 
tions lowered the smallest velocity by 16 per cent. 

These measurements indicate good agreement between the the- 
oretical and experimental points. It is interesting to refer to Fig. 
5 where the smoke measurements indicate that both of these pro- 
files should be partially turbulent. It was already discussed in 
connection with these measurements that turbulent fluctuations 
have to increase to a certain level before they influence the ve- 
locity and the friction ies. 
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Summary AND CoNCLUSIONS 


An experimental and analytical study has been described on 
the internal flow characteristics of triangular ducts. Flow-visuali- 
zation techniques, longitudinal pressure-drop measurements, and 
probing of the velocity field have all been used to investigate this 
flow for two ducts over a Reynolds number range from coinpletely 
laminar to completely turbulent flow. 

Flow-visualization measurements using smoke indicated that 
over a large Reynolds number range both laminar and turbulent 
flows exist side by side within the duct. Experimental data have 
been gathered for both ducts showing the extent of these flow re- 
gimes as a function of Reynolds number. 

The velocity field was measured at the downstream end of the 
two ducts for a variety of Reynolds numbers. These measure- 
ments corroborated the existence of the two-regime flow men- 
tioned, as well as serving as a fund of basic velocity measure- 
ments. 

Pressure-gradient measurements indicated that at some Rey- 
nolds numbers the flow is not completely developed at a distance 
of 70 diam from the inlet. 

Analytical studies were conducted on the fully developed lami- 
nar-flow problem. Relaxation procedures and solutions of the 
fiow-differential equation with simplified boundary conditions 
were considered. A simple solution with a closed form was de- 
veloped for the velocity variation near the apex and an area of 
validity arrived at by comparison with more general but compli- 
cated solutions. The analytical solutions were checked experi- 
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mentally and satisfactory agreements found between the 
measured and predicted velocity curves. doe fk 
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By S. W. YUAN? ann A. B. FINKELSTEIN,’ BROOKLYN N. Y. 


_ The effect of injection and suction at the wall on the 
two-dimensional steady-state laminar flow of a fluid in a 
porous-wall pipe has been investigated in detail by the solu- 
tion of the Navier-Stokes equations in cylindrical co-or- 
dinates. An exact solution of the dynamic equations, re- 
duced toa third-order nonlinear differential equation with 
appropriate boundary conditions, is obtained. A perturba- 
tion method was used to solve the latter equation for both 
small and large flows through the porous wall. The ve- 
locity components are expressed as functions of the ratio 
of velocity through the porous wall to the maximum axial 
velocity at the pipe entrance, the co-ordinates of the pipe, 
and the physical properties of the fluid. The results show 
that the effect of injection at the porous wall of the pipe 
is to increase the friction coefficient at the wall. For an 
injection ratio Q/W = 0.01 (500 < Re < 2500) the friction 
coefficient at the wall is increased by 70-85 per cent over 
the zero injection case (Poiseuile case), 

INTRODUCTION 

TUDIES of the problem of cooling rocket and jet motors by 
S the diffusion of fluids through porous-metal combustion- 
chamber liners have been made by means of the investiga- 
tion of the bovndary-layer behavior along a porous plate with 
fluid injection (1). Laminar flow in a two-dimensional channel 
with porous walls also has been investigated for extremely small 
suction velocity at the wall (2). Since the problem of the flow 
through a porous-wall pipe with injection has not been investi- 
gated thoroughly, the purpose of this work was to obtain the basic 
phenomena of this type of flow which would provide guidance for 
the investigation of turbulent pipe flow with injection or suction. 

Another important application of the results of this study is to 
the boundary-layer control for decreasing drag and increasing lift 
of airplane wings. In this connection the boundary-layer flow is 
sucked through the surface of the wing to a duct. The ensuing 
flow in the duct simulates the problem of flow through a pipe with 
fluid injection at the walls. 

In the present investigation an exact solution of the Navier- 
Stokes equations in cylindrical co-ordinates with injection or 
suction as a boundary condition at the wall was obtained. On 
the other hand, the problems of flow on a porous flat plate or 


1 This research was conducted under the auspices of Project SQUID, 
jointly sponsored by the Office of Naval Research, Department of the 
Navy, Office of Scientific Research, Department of the Air Force, and 
Office of Ordnance Research, Department of the Army. 

? Research Professor of Aeronautical Engineering, Polytechnic In- 
stitute of Brooklyn. 

* Research Associate of Aeronautical Engineering, Polytechnic In- 
stitute of Brooklyn. 

*« Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Heat Transfer Division and presented at the 
Heat Transfer and Fluid Mechanics Institute, Los Angeles, Calif., 
June, 1955, of Tae American Society or MecHanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, August 22, 
1955. This paper was not preprinted. 


curved wall were previously made by the approximate solution of 
the Prandtl boundary-layer equations. 

The assumptions made in the present study were: (1) The fluid 
is incompressible, i.e., the mass density and the viscosity of the 
fluid were assumed to be constant; (2) the main flow was assumed 
to be laminar, and the fluid flowing in the axial direction and the 
fluid flowing through the porous wall were assumed homogeneous; 
(3) the maximum axial velocity at the entrance of the porous-wall 
pipe is equal to the maximum axial velocity in the Poiseuille’s 
flow; and (4) the fluid flowing through the porous wall is uniform 
throughout. 


FUNDAMENTAL EqQuaTIONs 


The three-dimensional steady flow of a viscous incompressible 
fluid is governed by the following set of basic laws of fluid me- 
chanics. From Newton’s second law, the Navier-Stokes equa- 


tions were derived as follows 


1 
(¢V = — > Vp + 


From the principle of conservation of matter 


If a curvilinear co-ordinate system is introduced with the 
origin at the center of the cross section where z is taken in the 
direction of the flow, r in the radial direction, and @ the azimuthal 
angle, and the ordinary vector curvilinear co-ordinate transforma- 
tions are used, the Navier-Stokes and continuity equations be- i 


where u and v represent the x and r-components of the velocity at 
any point (see Fig. 1) and 0/00 = 0 because of axially symmetric 
flow. 

The foregoing equations will be used to investigate the fluid 
flow in a circular pipe with a porous wall through which uniform 
fluid injection or suction is applied. The boundary conditions are 


Atr = 0: 

Atr = R: 


du 
v= — 
or 


u=0, v = = const 
For a two-dimensional incompressible flow a stream function 
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or 


the continuity Equation [5] is satisfied. 


For a constant fluid injection or suction at the porous wall and 
the given boundary conditions, the following stream function is 


y= [4 + B- = lam... 


= (r/R). The constant A is determined from the con- 
= 0 and z = O where the maximum velocity wp for 


. [8] 


R?| x 


From Equations [7] and [9] the velocity components in the 
direction of and the radial direction are given by 


[11] 


n 


+ 


here \ = and Re = uwf/v. The function f(7) appearing in 
; ss foregoing equations is the only unknown yet to be determined 
in terms of the distance parameter 7. Equation [11] indicates 
wf that the radial velocity becomes a function of 4 only. This is be- 
-_ gause of the assumption of constant velocity v at the wall. 
By introducing the expressions of u and v from Equations [10] 
and [11] into Equations [3] and [4] there result 
Ee = | 
R* Lf’(0) Re R 
[Roof — + (12) 


_ 2% f 2ff’ 
=? [ (4 — — | = F(n). . [13] 


_ Since the right-hand side of Equation [13] is a function of 7 only, 
differentiation of both sides of it with respect to z yields 


_ differentiating Equation [12] with respect to 7 gives 
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Integrating Equation [15], one obtains 
nf’”’ + — =e 
< 1, and 


for 


1 
for \ > 1, where c and k are the constants of integration to be de- 
termined. The boundary conditions are obtained with the e aid a. 


Equations [6], [10], and [11]. Thus 


f(0) = f'(1) = 0; Tim =0 


. [18] 


Equation [16] is an ordinary nonlinear differential equation of 
the third order which resulted from the Navier-Stokes’ equations 
and the continuity equation by the similarity transformation. 
With the aid of the four given boundary conditions an exact solu- 
tion can be obtained and the constant of integration c determined. 

It can be seen that the limiting form of Equation [16], by letting 
vp approach to zero, is the equation describing a flow through a 
circular pipe with impermeable walls. The solution of this equa- 
tion which satisfies all the four boundary conditions given in Equa- 
tions [18] is the well-known Poiseuille’s law for pipe flow. I/ 
small values of \ are treated as a perturbation parameter a solu- 
tion of Equation [16] can be obtained which will be discussed in 
the next section. 

On the other hand, if large values of \ are treated as a perturba- 
tion parameter the third-order differential Equation [17] is re- 
duced to a second-order one. The solution of Equation [17] also 
can be obtained in the same manner since all four boundary con- 
ditions given in Equations [18} can be satisfied. 


SoLuTion ror SMALL A 


The solution of Equation [16] can be expressed for small value 
of \, by a power series developed near ) = 0 as follows 


+... +AY,.......... 19 


and 


c=cot +... +A",.... . [20] 


where the f,’s and c,’s are taken to be independent of \. By 
substituting Equations [19] and [20] into Equation [16] and 
equating coefficients of like powers of A, one obtains the following 
set of equations 


per ayy 


nfo’”’ + fo’’ = 
+ fi” — fo” + fofo”’ 
nfo!” + fe!’ — 2fo'f’ + fo" fi + hifi’ = 


The boundary conditions to be satisfied by the f,,’s are from Equa- 
tions [18] 


= f,'(1) = 0; lim V = 0 


for all n 


1 


fl) = 


The second-order perturbation solution of Equation [16] ob- 
tained by solving Equations [21] to [23] is given as follows FE 


bot: 
. 
4 
ae 
where 7 
dition a 
Poiseuille 8 Now eCXISsts. ihe constant is determined trom 
. law of conservation of matter. The stream function can then 
> expressed as 
i 
ag 
(21) 
. [22] 
(Rolf? — ff") — nf” = 
hich is to be satisfied for all x 
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It is seen from the foregoing equations that the second-order 
perturbation solution is sufficiently accurate even for A = 1. 
The velocity components in the axial and radial directions are ob- 
tained by substituting Equation [25] into Equations [10] and 
[11], respectively, as follows 
u 


79 + (—2 + 99 — 9n* + 4 


x 
+ —— (166 — 760n + 825n? - 


300m? + 75n* — 6 27 
10,800 + 759 (27) 


Uo 


? 
(166n — 380n? + 275n* — 75n* + — |. . . [28] 
10, 800 
The pressure distribution in the axial and radial directions are 
obtained upon the substitution of Equation [25] into Equations 
{12] and [13], and pet Then one obtains 


20, 0)—plz,r)_ 8 it 
* 


Re R 


Re? 
The pressure drop in the flow direction can be readily obtained 
from Equation [29], i.e. 
r) — wz, r) 


Re R R 


The coefficient of skin friction at the wall also can be obtained 
from Equation [27], and can be written ; aoe 
it 


1 A a2 


SoLuTion ror LarGE 


The solution of Equation [17] can be expressed for large values 
of \, by a power series developed near 1/A = 0 as follows 
1 1 
yar Gar 


where the f,’s and k,’s are taken to be independent of A. By 
substituting Equations [32] and [33] into Equation [17] and 
setting all coefficients of like powers of 1/A equal to zero, one ob- 
tains the following set of equations | 


Sofi!" — + + + = 
Safe!’ — + + Hifi’ — fi"? + + fi’) = ke. [36] 


The boundary conditions to be satisfied by the /,,’s are from Equa- 
tions [18] 


= 0; lim V9 = 0 
for all n 


1 
= 3 


(1)=0, n>1 


Sn 

The first-order perturbation of Equation [17], obtained by 
solving the nonlinear second-order Equation [34] and the linear 
second-order Equation [35], is given as follows 


sin 


i(n) = 


= 
2” 2” 


The velocity components in the axial and radial directions are 
obtained by substituting Equation [38] into Equations [10] and 
[11], respectively, as follows 


: A 4 2 Bie 
270 
ALR 
-| 
ag 
4 
Puc* : sin — & 
4 2 16 Jo . 
2 
' 
1 
= 


v 2X 


l 


The pressure distributions in the axial and radial directions are 
obtained upon the substitution of Equation [38] into Equations 
[12] and [13], and integrating 
p(0, 0) — _ 8A 

‘Re 
2 


E 


tia 


[o. 61685 + — sass) | 


— [42] 


The pressure drop in the flow direction can be obtained readily 
from Equation [42], i.e. 


p(0, r) — [o. 61685 + 3253) 
pus? Re 
A z 


re 


The coefficient of skin friction at the wall also can be obtained 
from Equation [40], which is 


0.7854 + a 


1 
[= + (0.1854) + .. 


The velocity distributions in the main flow direction at an Bi 
trary cross section of the pipe as calculated from Equation [27] 


for \ = +1 and from Equation [40] for \ = 10 are shown in Fig. 2. 
It is noted that when_A = 0 the profile becomes Poiseuille’s 


Discussion 


Ve.ocity Prorites Versus Leners tn Raptat Drrection 
ror Various \(Re = 10%, 2/R = 10) 


paraboloid, and for \ > 0 (fluid being injected through the wall) 
the axial velocity increases and the velocity gradient at the wall in- 
creases. For \ < 0 (fluid being withdrawn through the wall) 
both the axial velocity and the velocity gradient at the wall de- 
crease as compared with Poiseuille’s case. This phenomenon 
follows the law of conservation of matter. In the present case the 
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Fie. 3) Maximum Dirrerence Versus Lenots i in 
Fiow Direction (Re = 10°) 
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Fie. 4 Maximum Dirrerence Versus InsecTION 


} 
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X=10 
=! 
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J 
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m2 
° ° ° \/ 
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radial velocity, which vanishes in Poiseuille’s case, has a finite 
magnitude except at the center of the pipe where it vanishes. 

In Fig. 3 the maximum velocity distributions along the axis of 
the pipe were shown. The increase of maximum velocity with the 
increase of fluid injection at the wall and decrease with suction 
were illustrated in Fig. 4. It was interesting to learn that for an 
injection ratio ve/uo = 0.01 (Re = 1000) the maximum velocity 
increases about 35 per cent over the Poiseuille’s flow case. 


The pressure drop in the main flow direction is shown in Fig. 5. Se 


It was found that this pressure drop became appreciably larger, _ 


even for very small fluid injection at the wall, than that in the _ 


Poiseuille’s flow case, and it became appreciably less for the small # ne 


suction case. The ratio between the pressure drop in the radial — 


and the axial directions is approximately equal to the injection as a 


(or suction) ratio vo/ue and hence the pressure drop in the radial ae ‘ 


direction can be neglected in most practical applications. 
One of the essential parameters in the present investigation is _ 
the skin-friction coefficient at the wall. 


4/Re. The wall frictional coefficient as calculated from Equa- — 
tions [31] and [44] indicates that the effect of injection in a pipe 

flow is to increase the wall frictional coefficient and the suction to — > 
decrease the wall frictional coefficient. In a boundary-layer flow — 
on a porous flat plate, the effect of fiuid injection at the wall is to a 


In Poiseuille’s flow the 


increase the thickness of the boundary layer and decrease the __ 


velocity gradient at the wall; hence the wall friction decreases in l 
this case. On the other hand, in a pipe flow the effect of fluid in- 
jection at the wall is to accelerate the main stream velocity, hence — ~ 
the velocity gradient at the wall which determines the wall fric- . 
tion increases. For a fluid injection ratio vo/uo = 0.01 the wall © 
frictional coefficient increases by 85 per cent over the Poiseuille’s S 
flow case. These phenomena are shown in Figs. 6,7, and 8. The 
comparison of the variation of local wall frictional coefficient with | 


fluid injection between the case of flow in a porous-wall pipe and , 


on a flat plate is shown in Fig. 9. 
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By A. K. OPPENHEIM,' BERKELEY, “in 


_ Problems of net radiation transfer in enclosures involve 
_ proper accounting of all the interreflections of radiation 
beams. This is shown to be equivalent to the solution of 
electrical networks made up of conductances which are 
fully determined by surface-shape factors, reflectivities, 
and transmissivities of the system elements. The scope of 


_ the analysis is restricted to diffuse radiation within en- 
closures consisting of gray surfaces and containing gray 


_ gases, but the method is applicable to heat transfer as well 
_ as to illumination problems, and it can be extended to in- 
_ clude other modes of heat transfer and energy transforma- 


tion. 
NOMENCLATURE 


The following nomenclature is used in the paper: 


surface area, sq ft 

black-body emissive power Btu, hr, op 

surface emissivity 

shape factor 

equivalent shape factor bebo two surfaces of a black 
enclosure 

equivaleni shape factor between two surfaces of a gray en- 
closure 

irradiation, Btu/sq ft hr 

enthalpy flow rate, Btu/hr 

radiation flux, Btu/hr, or current, amp 

radiosity, i.e., sum of emitted, reflected, and transmitted 
radiation flux per unit area, Btu/sq ft hr aot 

heat-transfer rate, Btu/hr 

heat-transfer rate per unit area, Btu/sq f ft “ 

surface reflectivity 

temperature, deg R 

surface transmissivity 

convective heat-transfer coefficient, Btu/sq ft hr Ss F 

radiation conductance, sq ft 

gas absorptivity 

gas emissivity 

wave length 

the Stefan-Boltzman 13 x 10-" Btu/eq ft hr 
deg R* 

gas transmissivity 


a 
q 
r 
T 


INTRODUCTION 


The method deals primarily with the problem of calculating the 


net heat transfer in an enclosure where the radiation effects are 


appreciable, It is based on the notion that, with the usual ideal- 
izations introduced in the analysis, all interreflections of radia- 
tion beams within the enclosure can be taken into account by a 
network made up of conductances which are simple functions of 
surface-shape factors, reflectivities, and transmissivities. 


1 Associate Professor of Mechanical Engineering, University of 
California. Mem. ASME. 
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1954. Paper No. 54—A-75. 7 


The method is limited in scope to diffuse radiation (described in 
the Appendix), but with this stipulation it applies also to isotropic 
illumination problems. The scope of the present paper is limited 
to the treatment of enclosures made up of gray surfaces and filled 
with gray media, which corresponds to the idealization that the 
radiation properties of the system, i.e., the emissivities, reflec- 
tivities, and transmissivities, are essentially constant. 

Under these restrictions the problem of radiation exchange is 
transformed into that of an equivalent network which can then 
be solved either by the use of an analog computer or by some 
computational technique of electrical network analysis. In this 
paper the specifications for radiation networks are derived and 
their applications and solutions outlined. 

The network method provides an alternative to the conven- 
tional radiation calculations, which are based on the direct ac- 
counting of all the interreflections of radiation beams (1, 2, 3, 4, 
or 5).? Since it is concerned with the fundamental aspects of the 


subject, it is here shown developed from basic principles. 


Biack-Bopy ENcLosuRE 
A black surface is, of course, a true diffuse emitter and, since it 
absorbs all the energy which it intercepts, its radiosity J is equal 
to its emissive power E = oT * where o is the Stefan-Boltzmann 
constant. 

Defining a heat-transfer surface as that portion of an area which 
is at a constant temperature, the direct net radiant-energy ex- 
change between any two such surfaces A,; and A, of a black en- 
closure is 

Qu = AFu( — E,) = —A,F AE, — = —Qu..- [1] 

The black-body emissive power FE can be considered then to act 
as a potential and the surface-shape factor A;F;, as the branch 
conductance between two nodes at potentials Z; and FE, exchang- 
ing a current Q,. By the reciprocity relation, which represents 
one of the basic properties of diffuse radiation (see Appendix), 
A,Fy, = A,F,; i.e., the conductance is independent of the direc- 
tion of flow as a “‘well-behaved”’ conductance should. This is the 
basis for the formulation of the radiation network. As an ex- 
ample, a network for a black-body enclosure consisting of four 
heat-transfer surfaces is shown in Fig. 1(a).? It becomes ob- 
vious then that the net flux from any surface A; into the black- 
body enclosure consisting of n surfaces is 


Qi-net A,F yf E; E,) (2] 
k=1 


Of particular significance in radiation calculations are surfaces 
which act as complete reradiators. (In reference 2 they are called 
“no-flux surfaces.’’) In furnace technology such surfaces are 
represented by refractories. In network representation they ap- 
pear as the so-called “floating potential nodes.’’ In the presence 
of such nodes the net current Q,; between any two potential nodes 
can be evaluated by a similar rate equation as Equation [1], 
with the stipulation that the equivalent network conductance F ,, 
= A,F., should be used instead of the branch conductance Y,, = 
A,F x, as it is usually done in the analysis of electrical networks. 


? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

* It should be noted that, as a matter of convenience, the values of 
conductances, rather than resistances. are indicated on radiation-net- 
work diagrams. 4 
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the reciprocal theorem (8), it follows that 7, = Y,,, and con-— 
= A, F,;.. 


A particular example of a multicomponent system for which a r x 
general solution can be easily obtained is an enclosure with a — 
single reradiator surface. The network for such a system is _ 
shown in Fig. l(c). 
two potential nodes 7 and & is here equal to the direct branch con- 


ductance Y,, plus the corresponding branch conductance of the ei 2 


generalized delta obtained from the transformation of the general- _ 
star (8). The latter can be expressed as 


Yrs 
=1 


Noting that Y,, = and that 


‘ 


Ke 


{ie 


—Enclosure consisting of four surfaces 
Enclosure consisting of two heat-transfer surfaces and one reradi- 
ator surface 
c—Enclosure consisting of any number of heat-transfer surfaces 
and only one reradiator surface 


Fia. 1 


Yr 


Networks ror Brack EncLosures 


For example, in the three-component system represented by Fig. 
1(b) (where the equivalent conductance is equal to the total net- 
work conductance) 
Vie = = + — 


(3) 


ty 
while 
Fr + Fr 
Art 


Fr + Fr: 


Equations [3] and [4] are essentially the same as Equations [12a], 
[12b], and [13] of reference 1, (For the latter two it has been 
assumed that neither A; nor Az can “see”’ itself, i.e., that Fu = 
Fn = 0. Consequently, Aifig = ArFm = A: — AiF and 
A:For = ArF = which, substituted into Equations 
[3] and [4], yield immediately Equations [12b] and [13] of ref- 
erence 1,) 

With these notions as a basis, the radiation exchange in an en- 
closure consisting of any number of black heat-transfer surfaces 
and reradiator surfaces can be solved by simply extending the 
network principle to a multicomponent system. On the basis of 


— Fre 


the equivalent conductance becomes 


Bw = = Yu + Yu* = + 
7 

which is identical with equation [12] of reference (1) or equation — 
[4-21] of reference (2). e 

The case of an infinite number of refractory surfaces, i.e., when 

allowance is made for continuous variation of refractory surface — 
temperature, involves the solution of nonhomogeneous integral y 
equations (2, 9). The network principle suggests immediately a 
determinant solution of the problem, based on a stepwise ap- _ 
proximation of the temperature profile. The problem is then set _ 
up in the form of a system of linear equations by applying the 
Kirchhoff current law to each node (representing a step in the _ 


ik 


The equivalent conductance between any 


temperature profile) which corresponds, of course, to the applica- _ = 


tion of the principle of conservation of energy to each surface. 
Solutions of such problems given in Fig. 25 of reference (1) (Figs. 
4to 11 and equation [4-31] of reference 2) were indeed obtained 
by such an approximate method (9). 

Gray-Bopy EncLosurE 


The direct radiation exchange between any two opaque and 7 % 
diffuse surface elements A; and A, can be expressed by a rate “a 
equation : 


dQ x J d( — Jd(A (Ji — A, Fy). [7] 


which states simply that the net direct-energy exchange is due to. 
the exchange of radiosities (see Appendix, Equation [25}). a 
definition the radiosity of an opaque surface is 


J=rG+ek....... 


where r is the reflectivity, e the emissivity, G the irradiation, and © 


E the black-body emissive power of the surface, while the net =» , 


flow of energy leaving the surface element is 


=J—G 
dA 


Care must be taken in treating Equations [8] and [9] alge- 


braically since, in ~~ 


AMF 


E2 A2 Fay 
E, 
Yr, 


eonsisting of four gray surfaces. 
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te 
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where \ is the radiation wave length, 7, the surface ‘tempera- 
ture, and 7’, ranging from 7; to T’,, denotes the temperatures of 
_ radiation beams included in the total irradiation. , 
For a gray surface, however, r = const andr +e = 1. The 

_ irradiation G, therefore, can be eliminated from Equations [8] 
‘a (9] yielding 


r 

If the irradiation is uniformly distributed over the surface, i.e., 
G = const for any point of A and consequently by Equation [8} 


od = const over A, Equation [10] can be integrated immediately, 


ACE —J) 


: Under the same circumstances Equation [7] applies in an inte- 
S Saas gral form and, together with Equation [11], it provides the basis 
‘ 4 for a network representing a gray-body enclosure. This is il- 
Ea _ lustrated by Fig. 2(a) demonstrating a network for an enclosure 
For this purpose, however, ac- 
cording to the condition preceding Equation [11], a heat-transfer 
_ surface must now be defined as that portion of an area which is 
net only at a constant temperature but is also uniformly irra- 
diated. Under this restriction the effect of surface reflectivity 
- (and emissivity) is taken into account by simply connecting the 
‘ a node E = oT to the network by means of a finite 
- eonduetance A(e/r), which, in the case of black enclosure, was 
infinite. The potential node of the corresponding black-enclosure 
network becomes now a floating potential node which acquires 
pe g an equilibrium potential equal to surface radiosity J. 
_ Asa consequence of the restricted definition of the heat-transfer 
surface, generally the enclosure has to be defined in such a way 
that heat-transfer areas are small in comparison to distances be- 
tween them. In principle, the accuracy of computation can be 
refined as much as one wishes by subdividing the heat-transfer 
_ surfaces into sufficiently small areas. This leads, after all, to a 


tern solution of an integral-equation problem similar to 


Pas described at the end of the previous secton. (Incidentally, it 
becomes quite clear now that the reflectivity of a reradiator is 
es ineffective since the addition of a conductance behind 
ae, floating potential node does not affect the network.) 
Es _ For some two-component enclosures, such as two parallel, in- 
finite planes, concentric cylinders of infinite height, or concentric 
Spheres, the condition of uniform irradiation is satisfied for each 
component surface and the network is reduced to a single line of 
resistances in series as shown in Fig. 2(b). In this case the 
> equivalent conductance is simply given by 


Are A, 
we é beneeaeitil the area of the smaller surface. The foregoing is 
= . very well-known result. Christiansen, who published it first 
Ci in 1883 (5), noted its limitation to symmetrical systems, Saun- 
ders (10) expanded the problem to nonconcentric cylinders with 
the restriction, however, that the reflectivity is so low that not 
more than one reflection need be considered. The present method 
permits the refinement of the analysis to any desired extent. 
e _ The network for the general case of an enclosure consisting of 
any number of gray heat-transfer surfaces A,, A, . . A,, and 


| 


a—Enclosure consisting of four surfaces ty 

b—Enclosure consisting of two heat-transfer surfaces 

c—Enclosure consisting of any number of heat-transfer and reradia- 
tor surfaces 
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reradiator (refractory) surfaces Ag, Ars, Ag: .. is presented 
in Fig. 2(c). The equivalent conductance 4,5,,; between any two 
potential nodes 1 and i can then be determined by a conventiona! 
technique of electrical network analysis (a consequence of the 
Thévenin theorem, reference 8) according to which the equivalent 
conductance y;; is equal to the current flowing into node i when it 
is grounded and short-circuited with all the remaining potential 
nodes, as indicated by the dashed line in Fig. 2(c), with exception 
of node 1 on which a potential of unity is imposed. Thus, for any 
node i # 1 of the grounded short-circuited network, Fig. 2(c) 


Ae, 
Wi = = J;'. 

while the potential J,’ is obtained from the set of Kirchhoff’s 
current law (energy-balance) equations for each node (surface) of 


E2 Je Js Es 
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the network (enclosure). This results in 


where using a simplified notation, li = AiFy,a; = 
pi = Ani 
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R,,2 ~ Ryn 
Hottel obtained the same result (equations [4-30] of reference 2) 
by accounting for all the interreflections within the enclosure when 
surface A, has an emissive power of unity while all the other heat- 
transfer surfaces are maintained at zero absolute temperature. 

In the particular case of any number of refractory surfaces and 
only two gray heat-transfer surfaces A; and A», the equivalent 
conductance between 1 and 2 is equal to the total network con- 
ductance and the network can be represented by a single line, as 
in Fig. 3(b), with the stipulation that the conductance between 
potentials J; and J2 is now AiF\, = AsFx. Similarly, as in Equa- 
tion [12], the net conductance between 1 and 2 is given by 


1 


Ages A Fis 


1 ry 


providing thus a simple proof for equation [15] of reference (1) 
or equation [4-33] of reference (2). 


Aves 
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For a gray medium the emissivity € is equal to absorptivity a 
and the sum of the transmissivity 7;, between any two surfaces, 
A, and A,, and the corresponding absorptivity is unity, while the 
radiation field is isotropic (see Appendix). Consequently, for a 
medium with constant absorption characteristics given by the 
values of k and c in Equation [25] (Appendix) the transmissivity 
and emissivity are functions of the geometry of the system, Ti. 
being determined by Equation [24], while 


= 1— Te 


For a gray gas the average absorption characteristics are evaluated 
at a given temperature level so that both €;, and 7, are, in gen- 
eral, also functions of the gas temperature. 

If a gray gas at a uniform temperature is introduced into the 
space between two surfaces, A; and A,, then only fraction 7, 
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Wor 


of the original flux from A; reaches surface A,, while the rest is 
absorbed by the gas. In other words, if the radiosity of surface 
A, is J;, then the portion of radiation flux transmitted to A, is 
Tad AF (Equation [33], Appendix) and the portion absorbed 
by gas is €4J;A;F = (1 — T)J;A;Fy. In the network inter- 
pretation the conductance between any two radiosity nodes 


4 m 


ny 


i 


(previously becomes now while appears 
as a conductance between the radiosity mode corresponding to 
surface A, and the node representing the gas. 

Fig. 3(a) illustrates how each branch conductance is determined 
according to such a principle for the simple case of an enclosure 
made up of a single reradiator surface Ag and a single gray heat- 
transfer surface Ag filled with a gray gas at a temperature Tg. 
In consequence with previous arguments, rigorously such a net- 
work applies only to the case of infinite parallel walls or concen- 
trie spheres or concentric cylinder of infinite height. The next 
diagram, Fig. 3(b), is obtained simply by summing up the branch 
conductances, which, of course, can always be done without any 
loss in generality. 

The more general case of an enclosure filled with a “gray gas’”’ at 
a uniform temperature 7'g, and composed of any number of gray 
heat-transfer surfaces A; Az. . A, and, reradiators Ag, Ar. . 
Arm, can be represented by a network similar to that of Fig. 2(c) 
with, superimposed on it, a generalized star with a nodal point G, 
representing the state of the gas. For the sake of clarity the two- 
component networks are presented separately in Figs. 3(c and d). 
Each branch conductance of the “surface network’’ is now 
A,F % Tix, While each branch conductance of the “gas network” is 


k=1 


For a combustion furnace, node G acts as a potential node, as 
indicated in Fig. 3(d), so the main problem is that of evaluating 
the equivalent conductances between this node and nodes i, k . ..n 
representing the heat-transfer surfaces. In the application of the 
conventional technique of network analysis the unit potential is 


imposed then on node G and all the other potential nodes are 
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eur 


¥ 
a—Derivation of network for enclosure consisting of a single 

_ reradiator and a single gray heat-transfer surface 
b—Network for a single reradiator and a single gray heat-transfer 

surface 

ce—Surface network for general case oa 


d—Gas network for general case 
Fic. 3 Nerworxs ror Enciosures Fittep Gray Mepium 
AT A UNIFORM TEMPERATURE 


short-circuited as indicated by the dashed line in Fig. 3(c). The 
combined network can be solved then for any equivalent conduct- 
ance in the same way as described in the preceding section. The 
solution agrees with that obtained by Hottel on the basis of his 
“determinant method.’’4 

The network principle can be extended to the case of an en- 
closure filled with gray media having nonuniform temperature 


wy 


Surrace 


ae Mes ik 


Gas 


a—F lux from a heat- transfer surface 
b—F lux from a constant-temperature gas layer 
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distribution. This corresponds to the stepwise approximation of 
an integral equation, similar in principle to the method described 
previously for the case of an infinite number of refractory and gray 
heat-transfer surfaces. The space is then considered to be filled 
with layers of gray media, the transmissivities (and emissivities ) 
for a given radiation flux being constant within each layer. 


4 Reference (2), pp. 105-111. 4(a) demonstrates how the radiation flux from surface A, is 


-b- 
4 


= 


redistributed in the presence of two gas layers, a and b between A, 
and A». As evident from the diagram the definition of a heat- 
transfer surface, in effect, has to be restricted again. If the in- 
terface between the layers cuts any surface, such as Ag, the two 
portions of the surface, such as Az, and A», now have to be con- 
sidered as separate heat-transfer surfaces and the corresponding 
shape factors, such as F;2_ and Fi, evaluated. The flux J:A; is 
distributed as follows® 
T120°F 12a—fraction reaches surface Age, while 
€:20°F 12a = (1 — Ti2e")Fi2e—fraction is absorbed by gas a 
T12°T 125° F 12—fraction reaches surface A», while 
‘19 is absorbed by gas b 


ia» = (1 — absorbed by gas a 


As it is easy to see the sum of the first two is F\2. and the sum of 
the latter three is F)., so that the sum total is Fisg + Fin = Fis, 
as it should be. 

Fig. 4(b) describes the corresponding exchange of radiation 
fluxes between the gas layers. The flux of gas a across the inter- 
face ab is €* E,A,, of which é° fraction is absorbed by gas b. The 
reverse holds true in the opposite direction so that the net ex- 
change between the two adjacent gas layers is 


(E, — Ey) 


In the next gas layer ¢ only 


€°T ab—ve’ F ab—be 


fraction of flux 


is absorbed. Similarly, a fraction 
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MMW 
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(Diagram represents only part of the network associated with one of the 
surfaces interchanging radiation through a number of gas layers.) 


5 The superscript denotes the portion of transmissivity or emissivity 
due to a given gas layer, e.g., 112° designates the fraction of the trans- 
missivity of the flux from A: to A» let through by gas a, while a»n* = 
1 — map* is the corresponding fraction absorbed by gas a. 
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the net radiation exchange between a and ¢ is 
COT 0A abl BE E.) 


Similarly, as before, in the network interpretation the co- 
efficients of surface radiosity J for a given portion of the initial — 
flux define the corresponding conductances between surface 
nodes and between surface and gas nodes, while the coefficients of _ 
the gas emissive power E define the mutual conductances between 
the gas nodes. 
network associated with surfaces A, and A; is represented in Fig. ex 
5. The conductances between 1 and the gas nodes have been al- ae a) eS 
ready summed up (thus including here the effect of the remaining 
surfaces in the enclosure) so that a 


n 
Yio = = Ail + 120 
a 


28 €:2a°F + €:30°F €in*F in) 


n 
Yu = = 10°F ive F ize 
€1n’Tin?F in) J 


+... + + Tise*Fise +. 


ete., where n is the total number of surfaces forming the en- : 
closure. 
The foregoing represents in principle the method of treating the — = ; 

general problem of radiation exchange in an enclosure consisting a 
of any number of gray heat-transfer surfaces and filled with any — > : 
number of unmixed gray gases. As in all the previous cases, the — 
approximation involved by the stepwise representation of the gas _ 
distribution can be refined to any desired degree of accuracy by _ 
considering a sufficiently large number of steps. However, for an — 
engineering analysis, the evaluation of all the gas transmissivities — 
and then of all the corresponding network conductances would be, | 
in general, prohibitively laborious. Fortunately, in many engi- 
neering problems the transmissivities between the various sur- 
faces forming an enclosure are of a sufficiently close order of mag- 
nitude so that a single representative value can be used for all the © 
radiation fluxes. This is partially due to the exponential relation-_ 
ship between the transmissivity and the beam length and is often _ 
enhanced by a “‘speckled’’¢ configuration (i.e., with surfaces inter- 
mixed in a similar ratio on all parts of the enclosure), which — 
occurs quite frequently in engineering practice. In renal case ai 
Equations [18] simplify to be 
= €°Ai(Fiza + Fin +... + Fie 

+...Fin) = 
+ Fin 

+...Fim) = } 


Yu = Fin + ae 


ete., and the evaluation of all the conductances can be systema- _ 
tized to a fairly simple routine. 


System Wira Compinep Enercy TRANSFER AND ANALOG 
CoMPUTER 


The application of the network method to a system with com- — 4 
bined energy transfer is illustrated by a combustion chamber de- 
scribed schematically by the energy-block diagram, Fig. 6, where, 


* Reference (2), p. 110. 


The application of this principle to a part of the = 
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for the sake of clarity, only a three-component system is repre- 
sented. The energy-flow pattern is described there by means of 
tape arrows, H denoting enthalpy flow rates, Q, heat-transfer 
rates, the superscript r indicating the radiation, and superscript 
c, the convection mechanism, while subscripts GR, GC, and RC 
denote the direction of net heat flow. As evident from the dia- 
gram, the solution of the problem is based on the analysis of the 
interaction between the three networks representing the combus- 
tion, convection, and radiation energy-transfer systems. The 
networks are interconnected by the triple point G, representing 
the state of the combustion gases, and each node of the radiation 
network is connected to the corresponding node of the convec- 
tion network by an “SB element,’’ which maintains the Stefan- 
Boltzmann relationship between their potentials, while the energies 
(currents) passing through both the corresponding nodes satisfy 
he principle of the conservation of energy (Kirchhoff’s current 
law). 
In terms of the nomenclature defined in Fig. 6, the problem 
can now be expressed by three energy equations 


(a) For the whole combustion system Hguei+ Hair 
= = Hon + Qc + Qs 
(b) For the cold surface Qrc’ + Qac’ + Qac® = Qe 
(c) For the refractory Qar’ + Qar® = Qro” + Qs 


{19} 


All the energy fluxes are functions of temperature. With the 
use of constant, average heat capacities, convective heat-transfer 
coefficients, and radiation conductances, Equations [19] represent 
a system of equations with variables appearing only in first and 
fourth power. They can be often solved by the application of a 
semigraphical technique (11, 12) or by some iterative procedure, 
such as the Gauss-Seidel method (13), which may be extended to 

the nonlinear case represented by these equations. Thus solu- 
: “a can be obtained for more general cases than those treated by 
conventional methods (14). 
Fig. 6 can be considered as representing also the block diagram 
of an analog computer for the performance analysis of the com- 
bustion chamber. The SB elements represent then function- 
r components satisfying the two conditions i rs 


= o( E*)* 


and 


= ae By combining a number of such elements as those Soviet in 


C—Cold surface (heat sink) 
R—Refractory wail (reradiator) 
6 Scnematic Enercy Brock Diagram or a ComBustion CHAMBER 


“nt 

Fig. 6 a multicomponent system can be mY ns The G-nodes 
of the radiation networks have to be then interconnected as shown 
on the right-hand side of Fig. 5. Although, owing to the de- 
pendence of emissivities on gas temperature, the over-all problem 
is nonlinear in character, it can be solved by an iterative proce- 
dure whereby the conductances of radiation networks are ad- 
justed in accordance with the corresponding gas temperatures. 
As a result the net flux profile as well as that of the gas and re- 
fractory temperature is determined. 

With the use of an analog computer the method can be quite 
simply extended to include the analysis of transient processes. 
This is achieved by the addition of condensers to represent 
lumped capacities of the system. 


ALGEBRA OF RADIATION NETWORKS 


The analysis of a system involving energy transfer should yield 
in principle the relationship between the net external energy 
fluxes and the potential field governing the energy exchange. In 
any specific problem either the potential field is given and all the 
net energy fluxes have to be evaluated, or all the potential gradi- 
ents have to be determined to give the required energy fluxes, or, 
with a part of both the potential gradients and energy fluxes given, 
the rest has to be found in order to complete the specification of 
the over-all characteristics of the system. 

The conventional solutions of radiation transfer systems have 
been presented so far in terms of equivalent conductances (e.g., 
equations [1-3], [4-78], [4-82], etc., of reference 2), which, es- 
sentially, determine only the net radiation flux between any 
two source-sink elements of the system as a function of the 
potential difference between these elements. They furnish then 
only a partial solution of the over-all problem which, in general, 
may involve a large number of elements. In order to find the 
net flux to any element of a multicomponent system, all the 
equivalent conductances with respect to this element have to be 
determined and the products of these conductances and the 
corresponding potential differences summed up. The compiete 
over-all characteristics of the system are then obtained by repeat- 
ing this procedure for each element of the system, which may in 
volve a prohibitive amount of labor. 

The concept of the radiation network permits the derivation o7 
an over-all solution which can be applied in a systematic way to 
any problem pertaining to the system. This is achieved by an 
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application of the Kron (15) method to the analysis of radiation 
networks. 

All the radiation networks are made up of branches which have 
_ the following properties: 
They are pure conductance elements, 


2 There are no mutual effects between them, — 
3 They are devoid of internal voltage generators. 


Matrix analysis of such networks is outlined in the Supplement. 
As demonstrated there the result of the analysis can be represented 
in the following closed form 


pis = (1. |20) 


is the vector representing the external net radiation fluxes (n being 
the total number of nodes) 


= |(£, 


[E’,, E 


- — E2).. — 


is the vector representing the differences (with respect to a single 
reference node n) between the emissive powers and/or radiosities 
of the system elements, and 

| | = {Aj, [4] 
is the transformed (node-pair) admittance matrix which is ob- 
tained by an algebraic combination of the branch conductances, 
described in the Supplement. 

Equation [20] gives at once all the solutions to the first group of 
problems; i.e., it determines, in effect, the net external heat flux 
associated with any node 7 if all the black-body emissive powers 
(i.e., temperatures) and radiosities are given 


jn = jnan( Bn — + — 
eee Y’ jn,jn( Bo E;) ere Ba E,-1) 


It should be noted that in the foregoing j may refer to the radios- 
ity (where FE; = J) or to the reradiator node; in both these cases 
I’ jn = O. 

Equation [21], in turn, gives at once all the solutions to the 
second group of problems; i.e., it determines, in effect, any dif- 
ference between emissive powers (and/or radiosities), which are 
required to produce a given external heat-flux distribution; e.g., 
for any node j it yields 


EB’ in = E,— E; as + jn aud ‘on 


Equations like [20a] and [21a] lead also to the solution of a 
mixed problem wherein only some components of the [E’] vector, 
as well as of the [/’| vector, are given. In order that the problem 
be determined, the sum of such components must be equal tom = 
n—1. If then only k external fluxes are given (including zeros for 
all reradiator and radiosity nodes, i.e., known nonflux nodes), k 
being an integer smaller than m, and therefore, if also m — k dif- 
ferences of emissive powers are known, then Relationship [21] 
yields (m — k) linear equations for (m — k) known components of 
the [EZ’] vector with (m — k) unknown components of the [J’] 
vector. The latter can, therefore, be determined by the inversion 


. [20a] 


[21a] 


of an (m — k) submatrix of the | X’ | matrix. Finally, with all 
the components of the [/’] vector known, the remaining rows of 
the X’ | matrix determine the remaining components of the 
[E’) vector, completing thus the over-all solution. 

The choice between Equations [20] and [21] depends on 
whether there are more components given of the external flux vec- 
tor, as in the foregoing when solution was based on Relationship 
[21], or whether more emissive powers and/or radiosities are 
known, in which case Relationship [20] would be used. Networks 
for gray enclosures are solved by means of Equations [21]. It 
should be noted that, for this purpose, only part of matrix we” 
need be inverted yielding those rows of matrix {| X’ | which 
correspond to heat-transfer and gas nodes. The reason for this is 
the fact that the remaining rows of this matrix correspond to 
radiosity or reradiator nodes and hence to zero components of © 
the [/’] vector. 


CONCLUSIONS 


The network method of radiation analysis was introduced and 
applied to the problem of evaluating the net heat-transfer charac- _ 
teristics in an enclosure consisting of any number of gray bet 
transfer surfaces and filled with any number of diathermanous — a 
gray gases. A heat-transfer surface was defined for this purpose - 
as that portion of an area which is at a constant temperature, uni- 
formly irradiated, and in contact with a gas element at a uniform 
temperature. The scope of the analysis presented in the paper was 
limited to diffuse radiation in a system consisting of gray bodies — 
under steady-state conditions. The conductivity for heat transfer _ 
by radiation was then shown to be a function of the system 
geometry and of the reflectivities and transmissivities of the ele- 
ments of the system, while the potential for this transfer, a func-— 
tion of temperature only. 

Techniques for solution of radiation networks by means = 
matrix algebra as well as by the use of analog computers were ia 
outlined, the latter being especially suitable for problems involy- rs 
ing combined energy transfer. . 
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Appendix 
DEFINITION AND PROPERTIES OF DIFFUSE 


Radiation is diffuse or isotropic if the intensity of radiation at 
any point is independent of direction (6, 7). The intensity of 


an 


bs 
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to 
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radiation is a vector quantity whose position is deseribed in Fig. 7 
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and magnitude |i;:| defined by the relationship 
dQi—>2 = Ay cos 6, 


where dQ-+2 is the portion of the radiation flux from area element 
dA, which is intercepted by area element dA.; dA, cos 6, is the 
projection of area element dA, as seen form dA;(i.e., into the plane 
perpendicular to the line /: joining dA, and dA¢), and da; is the 
solid angle subtended by dAg with respect to the center point of 


A 


Using the nomenclature of Fig. 7 rs et 


dA, cos cos 6, 
doy, = 


lis 
and Equation [22] may be written also as 


dQi—+2 = in on 
12 
The properties of diffuse radiation are described conveniently 
in terms of radiosity which is defined as the total radiation flux 
leaving a given surface (i.e., the sum of radiation emitted, re- 
flected, and transmitted) per er area; that is 


to 


There are two elementary cases for which the integral of Equa- 
tion [23] is of interest: 


1 When radiation intensity vector i: is assumed constant— 
corresponding to radiation exchange across a nonabsorbing 
medium. 


2 When radiation intensity vector i,,: is assumed to be de- 
pendent only on the distance 1,,, between the surface elements, 
Fig. 7, exchanging radiation—corresponding to diffuse radiation 
transfer through an absorbing medium. 

These cases are then discussed in turn. 

Case 1. If iy. = i, = const, then from Equation (22) a 


J; = cos 6,dar2 = Th 


and Equation [22] becomes simply 


where 


cos 6, cos 6, 
a 2) = 


cos 8, cos 62 


Fy snsiseeniiiii the well-known shape factor (Lambert’s cosine 
law). 

Equations [26] and [27] describe the following fundamental 
property of diffuse radiation through a nonabsorbing medium: 
The portion of radiation flux from an area element dA, which is 
intercepted by another area element dA; is proportional to radi- 
osity at dA;, the proportionality factor depending only on the 
geometry of the system. 

The shape factors possess two useful properties: 

(a) The reciprocity relationship 


which results directly from the symmetry of Equation[27] ; 
(b) The summation property 


Fy + Pi +... Fin 


(n being the number of surfaces forming an enclosure) which ap- 
plies when J; = const over surface Aj, since from Equations [24] 
it follows that 
and [26] it follows hen 


. [29] 
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Case 2. If is: depends only on the distance J,, between the sur- 
faces exchanging radiation, i.e. 


= trof(he) 
where, according to Equation [25] 


Equation [23] 
tof(hz) cos cos 


dQ 1-2 dA 


lie 


Sofiia) cos 8 


a Introducing the transmissivity of the medium defined by the 
relation 
= TiWiAiF .... 


it follows from Equations [27] and [32] that the transmissivity in 
_ a diffuse radiation field is given by 


cos 6, cos 


AiAs 


The radiation-absorbing characteristics of the medium can be 
expressed in terms of an over-all absorption coefficient K defined 
by the following relation 


where di denotes the decrement of radiation intensity across an 
increment dl of radiation beam and 7 is the intensity of radiation at 
a distance | from the source. 

The over-all absorption coefficient is expressed, in turn, as 
K = ke, where k is the absorption coefficient of the absorbing 
molecules—in general, a function of wave length and tempera- 
ture—and c is the concentration of absorbing molecules. If both 
k = const (which applies in absence of secondary processes and 
holds true, therefore, for monochromatic radiation ) and c = const 
(homogeneous medium) then, according to Equation [35], the 
field is characterized by the property that, at any point, the in- 
tensity gradient in the direction of radiation beam is proportional 
to local intensity. In this case Equation [35] yields 


= = e~ 
tio 
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Supplement 


Matrix ANALYSIS OF RADIATION NETWORKS’ 


The characteristic feature of radiation networks is the absence 
of mutual admittances and internal branch voltage generators. 
Such networks can be analyzed by an application of the Kron 
method (see reference 15). The purpose of this note is to 
describe the analytica] technique involved in such an application; 
rigorous proofs are presented elsewhere.* 


7 This Supplement was prepared by the author,' and J. P. Roth, 
Institute for Advanced Study, Princeton, N. J. 

*“‘An Application of Algebraic Topology to Numerical Analysis,” 
by J. P. Roth, Proc. U. 8. A. Nat. Acad. Sci., vol. 41, no. 7, July, 
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The branch conductances of the network define the ee 


diagonal admittance matrix 


[37] 


(n denoting the number of nodes) the elements of which are ex- 
pressed in mhos or in sq ft. 

This matrix relates the branch potential differences and cur- 
rents as follows 


where 


[E] = [Eis E\;. ee Ein Ex Ex eos Ex, eee E 


is a vector made up of all the branch potential differences Ey, = 
E,— E,, Ey = E; — E,, ete., expressed in volts or in Btu/hr sq ft, 
and 


. [39] 


[7] [jie jis Jin Jes ju- Jan . [40] 


is a vector made up of the corresponding branch (coil) currents, 
expressed in amperes or in Btu per hr. 

Current in each branch j,, can be expressed as the sum of cur- 
rent 7, due only to a current generator associated with it, plus 
current i;, due to the effect of the rest of the network on the 
branch (or current which would flow through the branch in the 
absence of its own current generator), i.e. 


=f) +) 


The bounding values of the radiation network are described in 
terms of the node-pair potential vector 


[B’] = [Ei,’ Ex’... EB . [42] 


the components of which are the differences between the potential 
of node n, taken as reference, and the potentials of all the remain- 
ing nodes, i.e., Ei,’ = E, — E,, Ex,’ = E, — E;, etc. and the 
node-pair current vector 

the components of which are the net external currents impressed 
on all the nodes with exception of the reference node n. (Note 
that in both Equations [42] and [43] there is no component with 
a subscript nn.) If node n represents a radiation source then for 
any other node j representing another radiation source, I ;,’ < 0 is 
the net external flux supplied to node j, while for a node k repre- 
senting a radiation sink J,,’ > 0 is the net flux absorbed, and for 


4 
12 13. ...1n 23 24 ...2n ...(n—I1)n 
Vek is the initial intensity of radiation (at surface A,), then from , 
In| 0 0 Yin 0 0 0 0 
5 23) 0 0 0 Ya 0 0 0 
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a node r, representing a reradiator surface or a radiosity node 
Tn’ = 0. 
The over-all solution of the problem is given as a relationship 
between the bounding values 


(FO... 
- Matrbi fr which a appears in the foregoing as the on to the solu- 
tion is obtained by the use of a transformation matrix [A] relating 
the branch potential differences with the node-pair potentials as 


follows 


.. [44] 


or its inverse 


[2] = [A] 


a 7. The structure of this matrix is easy to deduce 


0 


(n—1)n 


E, = (B, — —(B.— Bx) = (+1) Bia! +! ~1) Ew! 


— E;) 
= (+1 (—1)E 3,’ 


Ey: E:— 
= E; — E, — E,) —(E, 
ete. 


The transpose of this matrix relates the node-pair current with 
the branch current generators 


= [4], 
and annihilates the i vector 
[4], = 0 


Fe prt say, by performing the indicated operations. 


OPPENHEIM—RADIATION ANALYSIS BY THE NETWORK METHOD Sh. 


Premultiplying both sides of Equation [38] by (Aj, using 
Equations [41] and [49] PRET & 


(4), =), 


whence with Equation [46] and [48] 


so that 


)........ 


It should be noted that is an (n — 1) by (n — 1) matrix. 
It is obtained by simple multiplications shown in Equation [50] 
and, as demonstrated in Equation [44], it serves directly as a 
solution to a whole class of problems involving the determination 
of net fluxes induced by a given potential field. oe ie 


Discussion 


Vv icror Pascukis.* The paper is very interesting because it 
ae a powerful technique to an important problem. It may 
be pointed out that this technique has been used previously for 
study of certain radiation problems in electric furnaces." In 
this case, provision was also made in the computing network to 
represent conduction between different parts of the radiating 


AurHor’s CLOsuRE 


The author thanks Dr. Paschkis for pointing his attention 
to the earlier work on network analog computers for problems 
in radiation heat transfer. However, the technique used by Dr. 
Paschkis differs fundamentally from the method proposed in 
the present paper in that he considered node potentials as pro- 
portional to surface temperature, while, according to present 
method, node potentials represent radiosities and black-body 
emissive powers. Consequently, Dr. Paschkis had to deal with 
a nonlinear network which restricted considerably the scope of 
application, while the radiation networks described in the present 
paper are essentially linear and their scope is restricted only by 
the assumption of diffuse radiations with either gray or mono- 
chromatic system elements. In fact, his method was restricted 
to enclosures made up of black bodies only, and, as an example, 
he treated solely the simple case of such an enclosure consisting 
of four sources, one sink, and a single refractory surface. 

Moreover, it should be noted that the present paper is by no 
means concerned only with analog computers—a field in which 
Dr. Paschkis’ contributions are well known. 


® Technical Director, Heat & Mass Flow Analyzer Laboratory, 
Columbia University, New York, N. Y¥. Mem. ASME. 

10 “Elektrisches Modell zur Verfolgung von Waermestrahlungsvor- 
gaengen insbensondere in elektrischen Oefen,”’ by Victor Paschkis, 
Elektrotech. Maschinenbau, vol. 54, 1936, pp. 617-621. 

11 ‘Industrial Electric Furnaces and Appliances,”’ by Victor Pasch- 
kis, Interscience putas, Inc., New York, N. Y., cae 1, 1945, p. 27: 
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Two Degrees 


; of Freedom 


By ERNST SALJE,' AACHEN, GERMANY 


The paper reports on an investigation of vibrations of sys- 
tems with two degrees of freedom. First to be considered 
is the dynamic behavior of a lathe spindle. Cutting condi- 
tions are of influence, and it can be demonstrated that a 
lathe spindle approximates vibrations in two degrees of 
freedom. Thereafter, a series of tests is described that 
were run with turning tools of relatively great overhang 
and with two degrees of freedom. Finally, the mathemati- 
cal concept of self-excited vibrations is given. This paper 
may be considered as a discussion of the particular prob- 
lems investigated. It does not purport to give a general 


esi. heory of self-excited vibrations of the cutting processes. 


INTRODUCTION 


ESEARCH work relating to the machinability of metals 
has dealt with the influence of vibrations to an increasing 
degree in recent years. The first comprehensive treatise 

about self-excited machine-tool vibrations was writter. by Arnold 
(1),? who gave a theoretical explanation of his test results, ob- 
tained with a turning tool having a relatively great overhang, by 
assuming one degree of freedom. Further papers about vibra- 
tions with one degree of freedom were published, e.g., by Chis- 
holm (2) and Saljé (3). Self-excited vibrations of systems with 
two degrees of freedom were investigated by Hahn (4). While the 
papers (1), (2), and (4) deal with self-excited vibrations in the 
turning process, investigations on vibrations in the grinding 
process have been published by Saljé (3), (8) and Hahn (5). 

Stefaniak presented a report on self-excited vibrations of sys- 
tems with two degrees of freedom at a meeting on vibration engi- 
neering, held in Munich, Germany, in September, 1953. Sub- 
sequently this report has been published (6). It may be noted 
that previously Lysen (7) had given a report on the same sub- 
ject, at the Sixth Werkzeugmaschinen-Kolloquium (Machine Tool 
Engineers Meeting) at Aachen. 


Se.r-Excirep VisraTIONS or A LATHE SPINDLE 


Under certain cutting conditions a lathe spindle of a given de- 
sign (including the effect of the gear wheels and bearings) can 
vibrate with very much greater amplitudes than the amplitudes 
of the other machine-tool elements under the influence of the 
cutting forces. As an example, Fig. 1 represents the amplitudes 
of vertical vibrations of a lathe bed measured during the chatter- 
ing of a turning tool. The measurements were taken in the z-y 
plane perpendicular to the z-axis illustrated in Fig. 2. The points, 
at which the measurements are taken, are given likewise in Fig. 2 


1Chief Research Engineer, Institute for Machine Tools and 
Management, Technische Hochschule 

? Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Research Committee on Metal Processing and 
presented at the Annual Meeting, New York, N. Y., November 28- 
December 3, 1954, of Tus American SocreTy or MecHANICAL En- 
GINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, October 7, 
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and the amplitude vectors are marked with the same numbers in 
Fig. 1 as the points in Fig. 2. From Fig. 1 it appears that the 
amplitudes are 5 to 10 microns, and (200 to 400 microinches) that 
they are of the same magnitude in the horizontal direction. It 
may be noticed that a free lateral vibration of the bed, e.g., of the 
first order, was absent. If a free vibration or a forced vibration at 
the resonance point appears, the phase angle between the vectors 
is 0 or 180 deg; i.e., the movement of all points is given by 


y = y,; cos wl 


According to this equation, all points must reach their maximum __ 


amplitude at the same time. Fig. 1 demonstrates the phase 
angle between the amplitude vectors showing that they do not 
follow the equation and the conditions given in the foregoing. 

From this a forced vibration of the lathe bed is evident. The 
frequency of the self-excited periodic force differed from the 
natural frequency of the bed. 

The lateral vibrations of the spindle nose in the z-y plane have 
been measured simultaneously with the bed vibrations by capaci- 
tive electronic pickups, so that the readings are not affected by 
additional masses, spring constants, or damping constants, Fig. 
3(a). Oscillograms are given in Fig. 3(b), showing amplitude 
values of 200 and 50 micron (0.008 to 0.002 in.) from peak to 
peak. According to the oscillograms, the center of the spindle 
was making an elliptical motion in the z-y plane. The lengths 
and angular positions of the major and minor axes of this ellipse 
varied slightly, as illustrated in Fig. 3(c), indicating variations 
of amplitude and phase angles of the vibrations measured in 
those two directions. 

The frequency of this self-excited vibration of the spindle was 
in most cases slightly lower than the natural frequency. This 
effect will be discussed later in this paper. 

Further measurements concerning the amplitudes of torsional 


¥ 
2? 
7 
d 
1 oF bat aay 
3 
4 
vet? 
4 


TRANSACTIONS OF THE ASME 


Ys 


iat 


B coo 


vibrations on the spindle nose showed this effect to be negligible, 
even when chatter occurred. The torsional amplitude, reduced 
to the diameter of the work, is less than 10 per cent of the ampli- 
tude of the lateral bending vibration. Thus it will be a fairly good 
approximation to assume lateral vibration of the spindle with two 
degrees of freedom. 

The tests were performed under orthogonal cutting conditions, 
Fig. 4. This gave the simplest test conditions. The turning tool 
was fed parallel to the turning axis against a short length of a 
seamless tube. Thus the cross section of the chip obtained was 
a rectangle, corvesponding to the wall thickness of the work and 

the feed. The maximum vibration ampli- 

tude measured during these tests was 

about 260 microns for the particular lathe 

used. The algebraic sum of the ampli- 

tudes of the spindle and the tool post 

leads to a vibration velocity of 0.45 m/sec. 

The cutting speed was 1.00 to 1.15 

m/sec which is much greater than the vi- 

brational velocity. Similar results were 

obtained by running these tests on other 

lathes under the same cutting conditions. Thus a difference ap- 
pears between tool vibration at high and low frequencies. 

If a high-frequency vibration is present, the velocity of the vi- 
bration is limited by the cutting speed, as stated in the papers of 
Arnold (1) and Saljé (3). This fact may be expressed by the 
formula 


Ymax = Vmax 


_ For the vibrations of low frequency this criterion is invalid. 

_ According to Arnold, the amplitudes of self-excited vibrations 

also can be limited by the self-excited periodic force. If the dif- 

_ ference between the steady-state cutting force and the self-ex- 

cited periodic force is less than zero, it tends to reverse the vibra- 
tional motion, and this has the same effect as a large damping 

constant. 

Fig. 5 illustrates the amplitudes of the tool post z (in the z- 
direction of Fig. 2) and of the work y;(y-direction of Fig. 2), which 
is nearly equal to the amplitude of the spindle nose, because a 

short length of tube was used in the tests. The plots in this 
_ diagram correspond to different cutting speeds and feeds. The 
_ slopes of y, and z and their ratio of about 10:1, depend on the 
_ design of the machine. In these test series the maximum self- 
_ excited periodic force was 100 kg. The main cutting force under 
the same test conditions was of about the same magnitude, when 
chatter did not occur. The self-excited periodic forces were meas- 
ured with a dynamometer having a natural frequency much 
higher than the frequency to be measured. 

The conclusions from these and similar test series are that for 
lower frequencies (up to several hundred eps) and the ampli- 
tudes are limited by the self-excited periodic forces rather than 

by the vibrational velocity. 

Further, the test series showed a nearly constant ratio between 
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the tool-post amplitudes and the spindle-nose amplitudes, meas- 
ured in the same direction, so that the value of either of the 
amplitudes is given by measuring just one of them. As an ex- 
ample, Fig. 6 demonstrates a section taken from an oscillogram. 
Both the amplitudes are decreasing simultaneously. According 
to the line A-A, the phase angle between the amplitudes y, and ys 
is very close to 180 deg. The phase angle between the periodic 
force as measured and the amplitudes is approximately 90 deg 
as shown in the vector diagram of Fig. 6. 
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As in the ‘test é nepali ‘f ‘Hahn (see his Fig. 7 in reference 4) a 
variation of the phase angle between the two components of the 
toolpost vibration, the tool vibration or the spindle vibration could 
be observed in the test series deseribed later in the paper. Thus 
the shapes of the Lissajous figures differ from each other and the 
vibrating point considered may describe the pattern in any of the 
possible directions, Fig. 7. On the other hand, a variation of the 
phase-arigle results from a slight variation of the frequency ratio 
of the two vibrations, which must remain close to one to assure 


MEASURING POINT NUMBERS 


freque beat sats.  Ifth the frequency ratio exceeds 1 apprec iably 
the ellipses are severely distorted, Fig. 15. The energy input 
to the seif-excited vibration varies with the direction of the ellip- 
tical motion, hence altering the amplitude in most cases. The 
cutting conditions of these tests were the same as in the preceding 
test series. 

As explained previously, there is a constant ratio of the ampli- 
tudes of the spindle and the tool post. Thus in the description of 
the following tests only the amplitude of the tool post is used in the 


z 

= 
1 2 9 

ten, 
4 


diagrams. However, the conclusions remain valid for a discussion 
of the behavior of the spindle. The object of the following tests 
was to find a relationship between the amplitudes and the cutting 


 gonditions, 


In the first test the width of cut was varied, while speed and feed 
were held constant. Amplitude measurements were made at 
every width of cut of 3, 5, 7, and 9 mm, Fig. 8. The broken line 

in the diagram of Fig. 8 illustrates an estimated extrapolation to 
higher widths of cut, based on the fact that the slope must de- 
crease owing to damping effects. 
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It may be noticed that the amplitude of the self-excited vibra- 
tion increases with increasing ratio of chip width to feed. As will 
be explained later, self-excited vibration effects are greater than 
forced-vibration effects. 

Next, the cross-section area of the cut was held constant, while 
varying both the chip width and the feed. The amplitudes 
measured are plotted in Fig. 9. The increase of the ampli- 
tudes with width of cut is fairly high at the beginning of the 
curve; at higher values of b the slope of the curve decreases, as 
was discussed concerning Fig. 8. Beyond a chip width of 6 
mm, the amplitude increase was a relatively small one. 

The effect of the cutting speed was studied in another test series. 
The cross section of the cut was held constant at 8 mm width and 
a feed of 0.1 mm per revolution. The result is illustrated in Fig. 
10. The amplitude increases with the cutting speed and then 
decreases after reaching a maximum. This result corresponds to 
results obtained in previous test series, where only one degree of 
freedom was considered. 

The amplitudes measured in the test series of Figs. 8, 9, and 10 
were in proportion to the periodic forces, as shown in Fig. 5. The 
dynamic instability of the machine-tool members depends on their 


design and the cutting conditions and increases with increasing 
amplitudes. 

The test results of Figs. 8, 9, and 10 were obtained by using a 
tool with a positive rake angle of 10 deg and a clearance angle of 
6 deg. 

Further measurements on several lathes were made to get 
data on the chatter frequencies. On all of these lathes the 
spindles were the members with the greatest amplitudes. The 
frequencies of the spindles were lower than their natural fre- 
quencies in most cases, Table 1. 


TABLE 1 LOWEST NATURAL FRE 
FREQUENCIES OF SELF-EXCITED 


UENCIES AND 
VIBRATIONS 


Lowest nat 


Frequency of the self-excited vibration 
under cut, eps 


According to Table 1, only in one case (lathe No. 3) were both 
the frequencies the same. This result agrees only partially with 
the results of Hahn, who found a frequency higher than the fre- 
quency of the free spindle when chatter occurred. His formula 
for computing the frequency of chatter was 


@, = V1 + 


= natural circular frequency of free member 
= circular frequency under cut 


= rate of increase of thrust force with depth of cut, i.e., fh Eh 


work constant SS 
k, = spring constant of member at tool point ag 


In the test series of Hahn &, and k, were held constant and 


@,, ie., the mass, was varied. It should be noted that k, is a 
“spring constant”’ varying with the cutting conditions.* Accord- 
ing to Hahn the ratio w,/w, varies with the cutting conditions. 

With regard to Hahn’s paper there are no remarks on the second 
value of natural frequency possible in systems with two degrees of 
freedom. Figs. 7, 8, 9, and 10 of the Hahn paper can be in- 
terpreted to indicate different frequencies, if the width of the 
oscillograms is assumed to correspond with a full revolution of the 
work. (The frequency in the oscillogram, Fig. 7, is lower than 
the frequencies of the oscillograms, Figs. 8, 9, and 10.) 

Higher frequencies could be observed if the cuts were made in 
work-hardening material, i.e., at increased values of k,. The 
formula given by Hahn describes the trend of these relationships. 

The frequency of the self-excited vibrations could be stated in 
the present test series as a function of the ratio of the width of cut 
to the feed, Fig. 11. With an increasing ratio, the frequency in- 
creases too; the slope of the curves in Fig. 11 becomes greater 
with decreasing rake angles. 
The natural frequencies were 
above that of the self-excited 
vibration in both cases (i.e., 
210 eps for a rake angle of 
—8 deg). 

The increase of the cut- 
ting forces with the feed (or- 
thogonal cutting process) is 
especially high at small 
depths of cut (i.e., feeds). 
|__| With regard to Fig. 11, we 

aah can suppose that the increase 
Width of cul b of the frequency depends 


T= rake angle 
Reference fig. 12, p. 


Natural 
Frequency 


Frequency of 
self excited vibration 
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upon the slope of the curve representing the cutting force versus 
the depth of cut. This statement is in accordance with the 
formula given by Hahn. As stated at the beginning of the 
present paper, the lathe spindle executes a vibration that can be 
described fairly well as a vibration with two degrees of freedom. 

The movement of the spindle nose can be regarded as a geomet- 
rical addition of two movements; one of them is executed in 
the direction of the main cutting force P; while the other has the 
direction of the thrust foree P:. Both of these components are 
produced by a bending action of the spindle. The bending 
moment due to the main cutting force P; is proportional to the 
length L from the tool point to the supporting point of the main 
spindle bearing, the bending moment being represented by a tri- 
angle. The bending moment due to the thrust force depends 
upon the radius r of the work. 


According to the sketch, Fig. 12, and assuming the spindle to be 
clamped in the middle at the main bearing, an assumption can be 
made, expressed by 


Cy > Cy 


The spring constant and the natural frequency of the free spindle 
in the direction of the thrust force (z-direction) is greater than in 
the direction of the main cutting force (y-direction), 

Even though a lathe spindle is nearly equal to a dynamic sys- 
tem with two degrees of freedom, when the orthogonal cutting 
process (see Fig. 4) is considered, it is still a relatively intricate 
dynamic system. 


Se.r-Excirep VisraTions oF TurNiING Toots Two 
Dearees or FREEDOM 


Turning tools (Nos. 1, 2, and 3) with long overhang and 
different cross sections were studied in these tests, see Fig. 13. 
Great care had to be observed when clamping the tools because 
slightly altered clamping affects the natural frequency noticeably. 
The natural frequency of the free overhanging tool was lower in 
the horizontal direction than in the vertical in each case. This 
remained true even for tool No. 1, where the frequencies should 
have been equal because of its square cross section. The damping 
constant as computed from the amplitude diagrams (see Fig. 14) 
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of tool No. 1 is greater in the vertical direction (y-axis) than in the 
horizontal (z-axis). Because of the clamping conditions the con- 
trary might be expected. In all cases the computed natural fre- 
quencies were above those measured. 

The tool angles of the sharpened and honed tool were constant, 
the rake angie was 10 deg, and the clearance angle 6 deg. In all 
tests the cutting speed was 335 fpm. The wall thickness of the 
tube was 2mm. Thicker walls would have caused heavy vibra- 
tions and too serious a wear of the cutting edge. 

The results of one of these tests are given in Table 2. By trans- 
mitting the components of the vibration in the y and z-direction to 
the vertical and horizontal deflection plates of a cathode-ray oscil- 
loscope, respectively, the motion of the tool point in the y-z-plane 
appears on the screen. In many cases ellipses could be observed, 
of which the dimensions and angular positions remained the 
same. According to this the frequencies of the components were 
equal and the phase angles remained constant. In other cases the 
ellipses rotated on the screen (i.e., variable phase angles) or the 
Lissajous figures could not be analyzed by visual observation (i.e., 


= TABLE 2 TEST RESULTS 


No. of No. of 
test tool 


1 


2 


3 500 


= 87m/min, b = 2mm, « = micron 
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645 645 135-150 75-95 af. 
1 725 660 610-640 480-620 104 29 
530-500 450-500 160 105 
650 650 180 75 
¢ 680-700 410 500-580 480-540 250 125 
480-500 480-500 345 105 
650 450 450 190 144 
440 440 200 125 
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presence of a small wearland. With increasing wear- 


stability is affected by large wearlands. Considering 
- only a single degree of freedom it has been stated 
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speedy variations of frequencies, phase angles, and 
amplitudes), Fig. 15. Because of this, the behavior 
of the vibration is described in Table 2 by giving 
limiting values for the frequencies and mean values 
for the amplitudes. Under cut the frequencies 
dropped below the natural frequencies of the free 
tools, Table 2. The spring constant of tool No. 3 is 
of the same magnitude as that of the spindle and 
the frequency under cut was nearly equal to the natural 
frequency of the free tool in the y-direction. The fre- 
quency under cut was lower just as observed with 
the spindle. The frequencies of the tools Nos. 1 and 
2 were also near the frequency f,, but the conformity 
is a poorer one. Furthermore, Table 2 shows no uni- 
form results, although the test conditions were as 
constant as possible. It was difficult to reproduce 
the experiments. 

The influence of the wearland B on the self-excited 
vibrazion, references (1) and (3), has been investigated 
in further test series, using tool No.1. In these tests 
the same effects could be noted as in earlier test series 
made by the author (8). With a very sharply honed 
tool the amplitude is slightly greater than in the 


land, the amplitude increases again, Fig. 16. In sys- 
tems having two degrees of freedom the dynamic 


in formerly published papers (1) and (3) that self- 
excited vibrations are intensified even by relatively 
small wearlands. 

According to the tests performed so far, the fre- 
quencies and the phase angles between the y and 
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_z-components are not affected by the wearland. On the 
other hand, the ratio of the width of cut and the feed 
affects the frequency of the spindle vibration. The be- 

havior of tool No. 1 was a similar one. The frequency 

ncreases with lowered feeds. Although the frequencies 
varied during a test they were always lower than the 
natural frequency. The results of a test series with 
variable feeds are compiled in Table 3 and Fig. 17. In 
_ spite of the relatively great scatter of the points a dis- 
tinct trend appears. The frequencies of the horizontal 
; mponent (i.e., in the z-axis) were always lower than 
ie - those of the vertical. Corresponding to this, the Lissa- 
 jous figures had complex shapes. 

Further research work will have to be done to explain 
the relatively large amplitudes of the horizontal motion 
compared with those of the vertical motion, Table 2. 

At low feeds and with high frequencies the vibrations 
vanished for split seconds and then were excited again. 
In all these cases the frequencies of the horizontal and 
the vertical motion were equal to each other. During 
the starting transients the motion curve was a spiral. 
A photograph taken from the screen of the cathode-ray 
oscilloscope is shown in Fig. 18. 

These spirals indicate the number of periods of the 
starting transient until the maximum amplitude is 
reached. Furthermore, the ratio of the negative damp- 
ing constant to the frequency can be estimated by 
means of these spirals. 


au ANALYsis or Sexur-Excrrep VIBRATIONS OF 
Systems Havine Two Decrees or FREEDOM 


A mathematical analysis of systems having two degrees of free- 
He considered the variation 


dom has been made by Stefaniak (6). 
of cutting forces P; and P; due to depth of cut (i.e., the feed in the 
orthogonal cutting process) and velocity at the tool-work inter- 
face, and discussed the criterion of stability by means of the 
Hurwitz determinant. 

The present paper does not follow this method. 
solution of the differential equation of motion is resolved into a 


Rather, the 


at 


ed, mm/rev. 
Fig. 17 


and the depth of cut itself. The slope decreases with increasing 
depth of cut, and those of P; and P; may also differ from each 
other. Further, the slope of these curves includes the effect of 
cold-working of the work surface, which has an appreciable in- 
fluence on the excitation of vibrations, according to Hahn (4). 
Decreasing rake angle affects chiefly the thrust force, since it is 
increased more than the main cutting force. 

A schematic representation of the systems with two degrees of 
freedom considered in this paper is given in Fig. 20. One system 
to be considered is the tool, Fig. 20(a), while the other is the work 


TABLE 3 TEST RESULTS WITH VARIABLE FEEDS 


Sa fa 

650 700-708 
650 710-690 
650 490-700 
650 480-670 


bre lene 


real and imaginary part. By so doing, it is possible to compute 
damping constants and frequencies. 

An influence of the rake angle on self-excited vibrations is given 
by Fig. 11 and in the paper of Arnold(1). Therefore this influence 
is also considered. 

Many measurements of the cutting force showed the charac- 
teristics of the curves in Fig. 19. 

A widely held opinion is that the cutting forces always decrease 
with increasing cutting speed. But if these velocities are low an 
increase of the cutting forces with the velocity can be observed in 
many cases. The slope of the cutting force versus speed curve 
can vary from positive to negative and need not be the same for 
the forces P; and P;. (For cast iron this slope is zero for all 
recommended cutting speeds.) Self-excited vibrations could be 
observed at all values of the slope. 

The cutting forces always increase with depth of cut as seen in 
the diagram in the middle of Fig. 19. The slope of the cutting 
force versus depth-of-cut curve depends upon the work material 


and the spindle, Fig. 20(6). It should be noted that the scheme is 
not affected by opposite force or axis directions. 

For minor changes of the cutting velocity, the depth of cut, and 
the rake angle, the following equations can be evaluated, if the 
first terms of a Taylor series are used 


P, = Pa + — Biz 
= Por + — Baz + bey 


In the positive direction of the y-co-ordinate the rake angle be- 
comes more negative and the tool-work interface velocity de- 
creases. In the positive direction of the z-co-ordinate, the depth 
of cut decreases. 

It should be noted that Equation [1] is true for small ampli- 
tudes only. In this case the curves of Fig. 19 can be replaced by 
their tangents. This approximation remains true only until the 
starting vibration transient begins its build-up, because a positive 
damping proportional to the amplitude is neglected. This posi- 
tive damping limits the amplitude at the end of the starting 


™ 
width of cut 
cut 
| 
— 
Feed 
No. of = 
test s b/s y/z max(m/s) v/ijmax 
0.05 40 725 150 1 0.68 
0.071 28 725 710-690 160 100 1.66 0.7 
3 0.125 16 725 480-400 160 145 1.1 0.7 
0.16 12.5 725 440-490 170 130 1.3 0.72 
v = 87m/min, 6 = 2mm, u= micron 
Hy 
wi 
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transient. Further, Equation [1] is only true if the slope of the 
cutting force versus tool-work interface velocity function is dis- 
tinctly positive or negative. In most cases positive slopes are 
present at cutting conditions where a lamellar chip is produced, 
while negative slopes are connected with cutting conditions where 
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the frequency given by the pitch and the revolutions per minute 
of the work. Beyond this, a self-excited alternating force was 
generated by the cutting process, The latter force was of a higher 
magnitude than the alternating force of the forced vibration, 
which vanished when its frequency differed from the frequency of 


continuous chips are generated. the self-excited vibration. 


In Equation [i] the influence of the velocity 2 on the cutting 
forces P, and P: has not been considered. Such an influence, 
especially that of 2 on P2, is possible. On the other hand, many 
difficulties occur in trying to measure this. The analysis given in 
this paper does not cover this influence, because it cannot be 
by testa. 


Fie. 21 


tes 


(+) Rake angle ¢-) 


Fie. 19 
(Relative speed = tool-work interface velocity.) 


Further, the influence of the tool wear on the self-excited vibra- 
tions is ignored for the time being. 
The natural frequencies of the first order of a system are de- 


fined by 
my, m, “4 
where ¢ c, and ¢, are spring constants and m, and m, are reduced 
masses. 


With regard to the damping constants r, and r,, the equations of 
motion are 


After the starting transient of the self-excited vibration chatter 
marks occur on the surface of the work, creating a forced vibra- 
tion not covered by Equation [1]. However, forced vibrations 
cannot affect the self-excited vibration unless the work has made 
one revolution. In most of the tests the starting transient could 
be observed as completed within this period and then the starting 
transient was not further affected by the chatter marks, 

To prove this, the following test was made: The work, shown 
in Fig. 4 as a short length of tube, was slotted parallel to its axis. 
Fig. 21 illustrates a cross section through the wall of the slotted 
tube. When turning this work, an alternating force is generated, 


G+ay+ by +dz=0 
2 + art + doz + cx + dry = 0 


where ai, @2, 81, Bs, 6:, and 5, are constants that depend on the 
work material and the cutting process. The constants a, a, 7, rz 
can be positive or negative. The dynamic behavior of the 
machine tool is Sepaeinns ow the constants c,, C,, Ty, Tz, My, and 


With the solutions ‘ina tte 
and 


Equation [2] becomes tht 
(r* + + + (cor + da)yo = 0 
dyzo + (r? + ar + = 0 


In order to have agreement, it is necessary that 


+ (a, + + + be + + 
(a2b, + — + — = 0 


This rewritten is 


Agr? + Aur + Ao = 0 


— 
| 
AN 
P 
here 
my, my my 
c, + B as 
—— b 


4, According to Hurwitz, there is a stable state if the determinant 


jis satisfied. ‘This leads to 


_ A3A2A; and Ap being positive. From the Hurwitz determinant 


one can compute the effect of varying any of the variables. Thus 
it is possible to determine how the stable state is affected by the 
e variable considered. For example, if a spring constant varies, the 


ose stability may be affected in a certain range, as was demonstrated 


»y Stefaniak (6). This is true only if in all machine-too! mem- 
bers transmitting the forces there exist only the same two degrees 
_ of freedom as was assumed in the analysis. If a spring constant 

of a member is varied too much, another member transmitting the 


forces, and having a different dynamic behavior, may execute 


_ self-excited vibrations and the equations of motion do not remain 


true as originally assumed. 


Equation [4] may be solved by taking four conjugate complex 


Ce 


= 
te 


By introduction of these terms in Equation [4] and by comparing 


= 0 
one can obtain the following equations — 
As = a + a2 = + 02) 
Az = +h + by = Ir, + |rs|* + 
Ay = + arb, — cx) = —2(v2|ry|* + 
Ae = bibs — dy, = 
| 


The real part of Equation [5] can be solved for the damping 
constant, while its imaginary part may be solved for the frequen- 
cies of the self-excited vibration. Fig. 22 shows the position of 
the vector in the complex plane at instability; i.e.,0 > 0. With 
regard to Fig. 18, the magnitude of the imaginary part of the vector 
r may be estimated re much greater than its real part. This one 


can write 4 


and wi; we; 1K we; wy. 

By doing so, the ratio »/w of the real to the imaginary part may 
be estimated from the number of periods during the starting 
transient (3). 

When substituting Equation [5] inte Equation [4] we could 
write (see Fig. 22) 


rr tr, = Qn, retire = rire = rare = |ral? 
Introduced into Equation [7], Equation [6] becomes 


the coefficients with an equation of the fourth degree such ~ 


Az = + + be = + @,’.. 
A; = + — = + .... 
Ay = bibs = 


From these equations the damping constants and the frequencies 
can be computed. From Equations [8b] and [8d] 


+ by + bs + bi + 
wnt, wn? = — bibs + (22% 


whe 


With the assumption 


On the other hand, the damping constants may be computed from 
Equations [8a) and [8c] pad 
— + — 02) + ) 
2 = 


ax — bi) + — be) + 
2(a,* — on?) 


With the coefficients of Equation [2] introduced in Equation [9] 
the frequency can be written in the form 


= cy — + Bs 
2m, 


If the rake angle decreases with y we must ares 


A diagram representing Equation [9] is shown in Fig. 23. If the 


rake angle and y are increasing, we rma Wires 
on 


i.e. »» the circle in the diagram of Fig. 23 is id by a hy mae 


m? 
of 
tos pare 
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The last term otal, with the frequeney equation of Hahn (4). 


it can be demonstrated that the circular frequency a can be lower 
than Wyo Or @,o as was found in the test series. In the case of tool 
No. 1 we can assume that ‘ dapat 


6, >0 


ty 
and 
m, = m, 


The natural frequencies under cut then become 


Tool No. 3 is characterized by Pigs 
C, > ty 
The computed frequencies are in agreement with the other re- 
sults. 


At small depths of cut the values for 6, and 8, increase (in most 


cases 6, increases more than 8;). It is demonstrated by all equa- 
tions that the frequencies w, and w: increase with §, in other 
cases also with 8:. This trend is the same as in the test series. 

A discussion of the damping constants can be performed in the 
same manner. The instability is greater for higher values of 
B, and 8; (i.e., at lower depth and great width of cut). Even if the 
slope of the cutting forces versus tooi-work interface velocity 
curve is positive, an instability may occur. 

With @; and 8; as variables there is a position function for the 
solution of Equation [4] which has the characteristics shown in 
Fig. 25(b) (v and w increase with 8; and 8:2). 

The position function of Equation [5] has the characteristics of 
Fig. 25(b). The results of this function are illustrated in Fig. 10. 
For a distinct cutting speed (335 fpm at the test series) the system 
remains stable, the real part of v being negative. 


CoNCLUSIONS 


cee Self-excited vibrations occurring in machine tools are very dif- 


ficult to handle by analytical and empirical methods. When in- 
troducing simplifications, the result of a self-excited vibration 
system having one or two degrees of freedom ean be estimated 
only if many partially uncontrollable and unknown parameters 
are taken into consideration. These parameters are functions of 
the machine-tool members, the work material, and the cutting 
conditions. In the tests it is difficult to pick up the vibrations 
without distortion because amplitudes and frequencies vary at 
appreciable rates. As seen in the tables and diagrams, the results 
can be given only between certain limits. 

The difficulties listed in the foregoing appear even with the 
orthogonal cutting process and under limited cutting conditions. 
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With tools having a nose radius, there are many more complica- 
tions, because the cross section of the cut differs from a rectangle. 

When using a tool with large nose radius and a long overhang, 
sudden vibrations of the second order appeared and disappeared 
after a short time interval. 

However, combining tests and analytical methods, some trends 
could be demonstrated which may be applicable in practice. One 
of these results is, for example, the variation of the frequency with 
varying cutting conditions. Both tests and analysis indicate the 
variables affecting the stable state. Also, they proved the fact 
that self-excited vibrations may occur whether the slope of the 
cutting-force characteristic is positive or negative. 


a - However, much more research work will have to be done before 


v 


the picture becomes general enough to allow the handling of all 
machine-tool vibration problems. 
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| Bon! It appears that the author has found some experi- 
mental results which cannot be explained by Arnold's hypothesis 
setting forth the falling characteristic of the cutting force in its 
relationship with cutting speed. It seems that the author is 
somewhat skeptical about Arnold’s hypothesis. But the author 
has presented little discussion on this problem. Mr, Hahn‘ 


and the writer* believe that the cause of chatter is not explained 


by this hypothesis. The fundamental cause of the chatter and 
the presence of vibrational energy are not yet widely accepted. 

The author measured the horizontal and vertical vibration of 
workpiece simultaneously without measuring cutting force. 
To properly investigate the cause of chatter it is necessary to 
measure the cutting force and vibration simultaneously. 

It is desirable that a mathematical analysis be carried out with 
some understanding of the fundamental cause of chatter. Evalu- 
ating P; = Py + ay — Biz + by (Equation [1] of the paper), 
the author arrived at the equation of chatter (Equation [2)). 
Using this equation, the author has examined the stability and 
frequency of vibration. However, the writer is of the opinion that 
and 6,y during the chatter are of insuffi- 


cient influence to develop the chatter vibration. As the author 


_ states, the amplitude of self-excited chatter is much larger than 
that of forced chatter. 
mi The writer believes that the chatter vibration is a type of 
_ self-excited vibration caused by a lag in fluctuation of horizontal 
a cutting force existing behind the horizontal vibration. Because 


of this lag, some amount of energy per cycle is available for 
_ maintaining or increasing the horizontal vibration of the work- 
piece. This delay in cutting force, the writer believes, is the 
_ peculiar phenomenon when metals are machined. If the hori- 
- zontal vibration in the workpiece is initially started at its own 
_ natural frequency, the area of cut will fluctuate with that fre- 


‘) vi quency, causing the vertical cutting force to do the same, re- 


sulting in the vertical vibration of the workpiece. Therefore the 


. _ workpiece vibrates in the form of an ellipse (as shown in Figs. 3 


and 15 of the paper) and the frequencies of components are equal. 

The frequency of chatter shown in Table 1 is lower than the 
natural frequency of the main spindle in all cases except one 
- ease (lathe No. 3). According to the writer’s experiments, the 


afi _ frequency of chatter is a little higher than the natural frequency 


and is in good agreement with Mr. Hahn’s results.’ The writer 


has observed that when the clearance is considerable in the main 


spindle bearing, or when the rigidity of the spindle in the hori- 
_ gontal or upward direction is much less than that in the down- 


ward direction, the frequency of chatter is lower than the natural 
_ frequency of the main spindle. The frequency of chatter de- 
pends upon the cutting condition and has no close connection 
with the fundamental cause of chatter. 

In good agreement with the writer’s experimental result are the 
_ following relations: That between the amplitude of chatter and 
__ width of cut, shown in Fig. 8; that between the amplitude of 

_ chatter and cutting speed, shown in Fig. 10, and that between 

_ the amplitude of chatter and wearland of the cutting edge shown 


* ‘Professor of Mechanical Engineering, University of Nagoya, 
Chigusa-ku, Nagoya-shi, Japan 

‘ § Reference (4) of the Bibliography of the paper. 

~ * Memoirs of the Faculty of Engineering, University of Nagoya, 
Japan. vol. 5, no. ». 2, 1953. 


in Fig. 16. These relations can be well explained by the writer's 
description. 


R. 8. Hanun.? This paper represents a considerable amount of 


_ work and the author is to be commended for the very interesting 


results he has presented. The general complexity of the problem 
of metal-cutting chatter is well illustrated by the numerous test 


results and graphs, 


The author observes in many cases, for instance in Fig, 3, that 
the self-excited frequency occurring during the cutting process is 
less than the free “uncoupled” natural frequency, whereas he 
points out that Hahn (reference 4 of the paper) found the self- 
excited frequency to be greater than the uncoupled natural fre- 
quency. This might be explained by the fact that Hahn dealt 
with relatively flexible boring bars, in which case coupling with 
the workpiece acted as an increase in stiffness, whereas the con- 
tacting of the tool and work in the author’s tests may have acted 
as coupling an additional mass to the system through a very stiff 
spring (the tool-work contact). Another feature which should 
be made clear regarding the various sets of tests is whether or not 
feedback effects from previous vibrations were possible. The 
writer has found that the action of chattered surfaces on the vi- 
bratory motion of the tool is very pronounced. Under feedback 
conditions it is possible to have self-excited vibrations at fre- 
quencies which differ somewhat from the natural frequency. 

The writer agrees with the author that torsional vibrations can 
usually be neglected in comparison with the bending modes. 

In connection with the results shown in Fig. 10, can the author 
connect the sudden drop in amplitude versus cutting speed with 
changes in the built-up edge? Or can this be explained on the 
basis of ‘‘destructive interference”’ in the feedback of energy from 
the vibration produced the previous revolution? 

The author raises several questions about oscillograms Figs. 
7, 8, 9, and 10 in Hahn’s paper (4). The bars used by Hahn had 
essentially the same free natural frequency horizontally as they 
did vertically. The high-frequency pulse of ‘‘transitional’’ 
chatter in the horizontal or normal direction essentially ‘‘forced’’ 
the same frequency to appear in the vertical or tangential direc- 
tion. The bar corresponding to Fig. 7 was weighted to lower its 
natural frequency. 

The author’s Equations [1] are an attempt to formulate force 
relations for “primary” chatter conditions; i.e., with neither 
“feedback”’ conditions nor “‘transitional’’ conditions (where a 
part or all of the tool is in the act of penetrating a work-hardened 
surface) present. In these equations the last term dy represents 
the change in force due to changes in rake angle which in turn are 
caused by deflection of the tool. In most practical cases this 
effect must be extremely small. On the other hand, since 
the clearance angle is small to begin with and the worn flat on the 
clearance surface even smaller, variations in effective clearance 
angle due to vibration can be important. If the instantaneous 
clearance angle C be defined as the angle between the clearance 
surface and the instantaneous velocity vector of the work relative 
to the tool it can easily be seen that 
od thous vty 


where C, is the static clearance angle and v is the work epeed. For 
large amplitudes of vibration the second term can completely 
nullify the first term, i.e., as the tool vibrates into the work the 
effective clearance can become zero. 

Instead of considering the second-order effect of variations in 
rake angle due to vibratory displacements it might be well to 
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consider the effect of variations in depth of cut on the deflection 
of the tool; i.e., does an increase in depth of cut cause the tool 
to deflect so as to decrease or increase the depth of cut? Goose- 
neck tools with the “center of deflection” above the cutting edge 
deflect away from the work as depth of cut is increased whereas 
tools with the center of deflection below the cutting edge tend 
to deflect into the workpiece with increasing depth of cut. Such 
tools are said to “dig in.” This condition for static stability 
should be insured first before considering conditions for dynamic 
stability. 


AuTHOR’s CLOSURE 


_ The investigations reported and discussed in the paper were 
carried out two years ago. Meanwhile the field of vibrational 
research with reference to machine-tool development has widened 
considerably, increasing the complexity of the problems. Hence 
the results obtained at that time cannot be expected to agree 
completely with the relations and conclusions recently derived. 
It is rather evident that especially the basic relationships per- 
taining to machine-tool vibrations have to be sought for gradu- 
ally. Therefore the author mentions in the beginning that the 
paper on the self-exited vibrations with two degrees of freedom 
should be considered as a discussion of the problems investi- 
gated. 

Mr. Doi is quite right in stating that Arnold’s hypothesis 
cannot be applied to all cases. The author is of the same opinion 
as Mr. Doi that the cutting force and the vibrations should be 
measured simultaneously. Vibrational investigations by Mr. 
Sokolowski (Russia) and by Mr. Doi show a lag of almost the 
same order of magnitude in the fluctuation between cutting force 
and vibrational motion. Referring to these investigations, it 
should be mentioned that Mr. Doi’s test conditions did not meet 
the same requirements. The cutting speed was about 40 m/min, 
ie., the range of the type 3 chip was covered, whereas cutting 
speeds up to 290 m/min were applied by Mr. Sokolowski, thus 
investigating the range most important to current practice. 
(Sokolowski, “Prazision in der Metallbearbeitung,” Verlag 
Technik, Berlin—Precision in Metal Cutting.) For some 
materials the force-speed characteristic is a horizontal line. In 
these cases the coefficients a; and a2 of Equation [1] become zero, 
and the expressions 6, and 6, can become small. However, 
the term 8, showing how the cutting force is changed by the 
cutting depth, must not be neglected. The influence of the dif- 
ferent elements may be estimated only due to the coupling of the 
vibratory components. 

In his discussion Mr. Doi himself points out the importance of 
the coupling, stating that the horizontal vibration initially 
starts at its own natural frequency. Now the vertical cutting 
force is excited. There is not always an elliptical motion (see 
Fig. 3 of the paper) and the frequencies of the two components 
are different. 

The frequency of chatter, Mr. Doi believes, does not depend 
directly on the fundamental causes of chatter, but the cutting 
conditions are closely related to the tendency to chatter. This 
fact, among others, was confirmed by Sokolowski. If, however, 
the tendency of the tool to chatter as well as the frequency 
depends on the cutting conditions, there must be a relationship 
between frequency and cutting conditions. In the present paper 
the author tried to find and illustrate these relationships. 
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Likewise, Mr. Hahn points out this relationship in his discus» 
The solution of this problem will present considerable difi- 


sion. 


quency showed, the chatter frequen.ies are equal to the natural — 
The 


frequencies even in the case of differeit cutting conditions. 
fact that the natural frequency in ore case is smaller (according — 
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to Mr. Hahn’s tests) and in another is larger than, pr equal to, = 


the chatter frequency (author’s tests) leads to the assumption * 
that not all the important components have been considered. 
However, the fact that the chatter frequency depends on the — 
cutting conditions is confirmed. : 

In Mr. Hahn’s opinion, the fact must be considered that ¢ 


the vibrating uncoupled element has a small spring constant, it 


will acquire greater stiffness by coupling, but if the Viieeting - 
uncoupled element possesses a great spring constant, it will—_ 


after coupling—act during the cut like an element with a —_ A: ote 


spring constant. 
tions: 

Under completely equal cutting conditions the uncoupled 
natural frequency of the vibrating element is kept constant; 
however, the ratio of the spring constant to the mass is — i 
thus altering the term k,,/kg in Mr. Hahn’s equation of frequency. 
In this way can be shown the cases to which Mr. Hahn’s relation, 
may be applied and how coupling and spring constant influence 
the frequency under the same conditions. 

A feedback effect caused by chatter marks of the rie 


This explanation led to the following considera- _ 


vibration will be the larger, the smaller is the ratio between — Mee 


the cutting depth and the depth of the chatter marks. 
cases self-excited as well as forced vibrations occur. 
vibration becomes larger than the self-excited vibration, 


frequency in the general sense) will be determined by the fre-— 
quency of the chatter marks. 


However, Fig. 21 of the paper _ 


In these 
Iftheforeed 
the 
chatter frequency (in this connection no longer beingareal chatter _ 


shows that in spite of the periodic alternations of the chip’s cross | 
section the self-excited vibration may be of a higher magnitude. 7 a 


The turning tool starts to vibrate almost with its natural fre- Se ri 


quency in spite of the presence of forced vibrations. 

The drop of the amplitude (Fig. 10) cannot’ be explained. | 
Meanwhile, the tendency of the amplitude, plotted against the 
cutting speed, was proved by further investigations. Beyond this, 
the Russian literature also mentions these 


characteristics. 


This drop cannot be interpreted by the built-up edge, which = 


occurs only up to acutting speed of 50 m/min. A “destructive 
interference’ is impossible. Each test was run for several 


minutes until the vibration was completely built up. The ee e 


frequency of the chatter marks is equal to the chatter frequency. 
The author appreciates Mr. Hahn’s hint on the variation of the 
cutting force due to the effective clearance angle. This effect 
also was taken in consideration by Mr. Sokolowski. 
assumed that the influence of the effective clearance angle is 
more important to chatter than that of the rake angle. Measure- 


It may be 


ments of the cutting force show a sudden increase of the cutting _ ' 


force if the clearance angle becomes zero. 

A further valuable suggestion is made by Mr. Hahn. 
the investigations recently carried out, it can be seen that the 
magnitude and direction of the deflection of a tool with a great 
natural frequency, but with a relatively small static spring con- 


From 


stant, must be considered. Some vibrational phenomena may ry 


be explained by this fact. 
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ifs From the exact solutions for the frequency response of 
ee and parallel-flow heat exchangers, successive 
—— are calculated which give direct information 
“he the heat exchangers regarding transient responses as 

Se Mi well as frequency responses. The numerical evaluations 
re of the parameters from the design data of heat exchangers 
are generally very simple, although the formulas them- 
selves appear somewhat involved. Good coincidence with 
measured transient responses is demonstrated on an ex- 


ample. 


INTRODUCTION 

NE of the authors has published*‘ analytical solutions of 

heat exchangers. But numerical evaluations of these 

results were not simple, especially for tubular heat ex- 
changers, Fig. 1, because they involved distributed parameter 
* systems. A new method developed by the other author® can be 
applied to these cases to obtain a numerical basis for dynamic re- 
sponse calculations. Thus, for example, an estimation of the 
transient response, which otherwise would have required compli- 

cated calculations,* can be made very easily from the 
‘parameters given in the nomenclature which follows. 


TUBE SIDE FLUID 
(W,,¢,;,¥)) 


SHELL SIDE FLUID 
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Response of Counterflow and 
Parallel-Flow Heat Exchangers 
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NOMENCLATURE 


The following nomenclature is used in the paper: ae a 


A= 


& 


+ 


Da 


surface area of tube walls (sq ft) fe Mee 
kA 


Wan dimensionless (dl), when both are ols, 


90+) 
= —,, (dl 
a *, (dl) 
intermediate parameter (dl) 


Ay 

by + be, by Can’ = Cyn’ b, 
tube or shell heat capacity per unit sale along the flow 

(Btu/ft deg F) 
specific heat of fluid (Btu/lb deg F) 
intermediate parameter (dl) 
intermediate parameter (dl) 
intermediate parameter (dl) 
intermediate parameter (dl) 
transfer functions 
intermediate parameter (dl) 
total length of flow distance in heat exchanger, ft 
running length along tube side fluid, ft 
intermediate parameter (dl) iw 
over-all coefficient of heat transfer (Btu/sq ft min deg F) 
H/v = distance-velocity lag of fluids, min 
intermediate parameter (dl) 
numbers of lags (dl) 
v;/v2 (dl) 
complex variable of Laplace transformation (dl) 
skew time of step response relative L, (dl) 
dead time of lag-delay model relative to L, (dl) 
time constant of lag model relative to L, (dl) 
mean delay of step response relative to L, (dl) 
time constant of root-lag model relative to L, (dl) 
dispersion time of step response relative to L, (dl) 
running time, min 
fluid velocity, fpm 
flow rate, Ib/min 
h/H (dl) 
film coefficient of heat transfer (Btu/sq ft min deg F) 
coefficient of skew (dl) 
(a; + az) /2 
In (steady-state change in output /steady-state change in 

input) 
(a, — a) /2 
temperature of fluid (deg F) 
coefficient of variance (dl) 
a/(1 + a) 
t/L, (dl) 
pipe temperature (deg F) 
circular frequency 


vol * 


< 
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tube side 
shell side 
tube 
shell 


Basic ASSUMPTIONS 


System parameters are uniform and codsthnt. 

Complete mixing in crosswise directions of each flow. 
3 The heat conductivities of walls are either infinite in direc- 
tions at right angles to the flow or alternatively assumed to be 
included in film coefficients and zero in flow directions. 
4 There are no internal sources or sinks of heat. 
5 Pure counter and parallel flows (Fig. 1) are considered. 


FUNDAMENTAL EQuaTIONS 


The system parameters necessary for dynamic-response 
analysis under the stated assumptions are the following fifteen 
(see also Fig. 1). 


Flow rates of fluids = W,, 


i Specific heats of fluids = ¢, ce 
Surface areas = Aj,, Ao, A, 

Film coefficients = a), G2, a; 
Fluid velocities = 1, v2 
Flowing distance = H 

_ Solid heat capacities = C,, C, 


These are conveniently grouped into the dimensionless forms 
(defined previously ) 


a’, a2’, a,, bi, be, by, r 


Four of them also are grouped conveniently into the following 
dimensionless forms’ for d-c gain calculations and other purposes 


where b = b,; + be. Almost all these parameters have been neces- 
sary for the conventional steady-state design of heat exchangers, 
for example, for mean temperature-difference calculations. 

The running time ¢(min) and running distance along the tube- 
side fluid h(ft) also are expressed in the following dimensionless 
forms 


t=t/L, =h/H 


Now the simultaneous equations to be solved are 


vai 

Ay 

= b:(0,— 0.) + — 

kr 

or oz 


wode 
7 These are also given in the following forms (teepe 
Wee 
where k (Btu/min sq ft deg F) is the over-all coefficient of heat trans- 
mission of the heating surface. This form can be introduced by 
means of the well-known law of heat transmission, which under the 
assumption stated, is written as 
1/kA = + 1/a2A2 
where 1/kA is the equivalent resistance to heat transmission. 


In these equations, 6, and 6 are tube-side and shell-side fluid 
temperatures; @, and @, are tube and shell temperatures; the 
double symbol + is — for counterflow (Fig. 2) and + for parallel 
flow (Fig. 3). 


DISTURBANCE 


RESPONSE 
CASE |. 


a 


Fic. 2 Two Cases or 


_- DISTURBANCE 


wnt CouNnTERFLOW 


290 


{response 


RESPONSE 


Fie. 3. Two Cases 

PARALLEL FLow 


In the following the Laplace transform solutions 
Equation [1] are expanded in the following form 


é 
G(s) =e 


where the parameters 4, 7’,,, T,, and 7’, are given in terms of sys- — 


tem constants as listed previously. 
variable of the Laplace transformation. The value and sig- 
nificance of this representation has been indicated elsewhere. 


However, one may say in summary that 6 measures the steady- __ 


The symbol s is the — 


state amplitude ratio between response and disturbance, T,, eae 2 
measures the mean time delay between response and disturbance, | 


T,, defines the dispersion or attenuation, and 7’, the assymmetry © 


or phase nonlinearity. This characterization is very efficient for — 


response is monotonic nondecreasing in time. 


CoUNTERFLOW 


The Laplace transform solution (transfer function) of Equation 


is 
Gs) = 


nee. a 

9 


hth, +h — Vii +h? — 49 
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of tube-side fluid of shell-side fluid (Fig. 2) 


gia = ge for the G(s) of 


Outlet temperature / Inlet ...Case 2 
of shell-side fluid of tube-side fluid/ (Fig. 2) 


Now, the parameters of Equation [2] are determined by expand- 
_ ing Equations [2] and [3] in series in s and comparing the corre- 
sponding terms. The expansion is easier for G@~4S) than G(S). 
_ The results yield a solution for the new parameters in the symbolic 


= Sol ay’, ar’, a,, bi, ba, b,, r) 
Sila ‘, as’, a,, b, bs, b,, r) 
T, = Sol ay’ a’, a,, bi, bs, b,, r) 
= Flay’ a,’ ay, hi, ba, b,, r) 


Bs ‘ Details of the algebraic reduction procedure are given in Appendix 
rite The simplest relation is given when solid capacities are neg- 
lected, and when the We values and the velocities are equal for 
both fluids. For this case, taking p = a/(1 + a), where a = 
(kA)/(We), as abscissa, the new parameters T,, T. are 
a plotted in terms of conventional relative statistical measures, in 
Fig. 12, using coefficients of the form 
4 


a 
T, 
>t zero value of u means that the time distribution has no dis- 
persion about the mean 7’; a zero value of a@ signifies that the 
_ distribution is symmetric about the mean T’,,. From the plot we 
can observe directly that when p = 0, which occurs for small 
sizes, with low over-all efficiencies, the time distribution for a step 
_ disturbance is symmetric (@ = 0) and has the quickest response 
(minimum values of and w). As p increases, T’,,, and a@ all 
increase, with and @ becoming infinitely large as = of 
the exchanger becomes infinite. 


PARALLEL FLow 
The Laplace transform solution of 


hth 2 
2 
(f: — fa)? + — | 


sinh | 
2 


The symbols /;, fe, 91, gz, and gi,2 are the same as defined for coun- 

terflow, see also Fig. 3. 

_ _ From this equation the parameters of Equation [2] are deter- 
¥, — in the same symbolic form as Equation [4]. Details of al- 

_ @ebraic reduction procedure and typical special cases are given in 


NuMERICAL EXAMPLE 


As an example of the application of the foregoing formulas to 
—— practice, one can consider the special instances of 


Counterflow Exchanger. 
Equations [9], [12], and [13] (see Appendix 1), we obtain 


counterflow and parallel-flow exchangers with the following as- 


— characteristics 


b = 27 


r=3 


@q = 15 a,’ = 6 
= 1.5 a,’ = 2 


Srep Response Tuse-INLet TEMPERATURE 
Applying the foregoing values 


= 0.61 


= 2.28 


The measure spread T, and ‘ithe as 
fore, can be expressed in terms of dimensionless coefficients, 
namely 

Variation u = T,/T,, = 0.948 

Skew a = (T,/T,)* = 2.90 


These values can be compared, for example, to those for a unit lag, 
whose transform has the form 


where = 1 and a = 2. The variation can matched: by 
adding a suitable time-delay term, since the transform for this 
case becomes 


(Lag) 


(Lag + delay) 


p= T7,/T,, = 7,/(T, + 
a= T,3/T = 2 


Thus a lag-delay model with 4 = 0.95 and a = 2 would have the 
form shown in Fig. 4. 

However, the value of a for the heat exchanger indicates a 
curve more skewed than that expressed by a unit lag. Such a 
function is found in what the statisticians would call a “chi- 
square’’ distribution of one degree of freedom with the transform 


(Root lag) 


having the parameters 
T, = T,/2 
T,= p= = 1.414 

a = 2/2 = 2.828 ae 

If this root lag function is delayed, in addition, with the Ninitesti 


(Root-lag delay) GAs) = ote /Vit+Ts 


~ 
é 
ree 
iving 
Nig 


Thus a distribution curve of this form with uw = 0.95 and a = 
2.828 is also sketched in Fig. 4. 

There are many other possible distributions, all with the same 
values 7’,,, 7, T'., but differing in higher-order terms. These will 
all, in general, give reasonable approximations to the dynamic 
response of the given system, and many are susceptible to ready 
calculation. In the present instance, those shown in Fig. 4 come 
directly from functions which are readily available in tabular 
form and also easily realized in computing networks, etc. 


Parallel-Flow Exchanger. The general Formulas [18] to [21] 
(see Appendix 2) give 
= 0.475 
= 2.81 
1.10 


= 1.02 
with the coefficients 


uw = T,/T,, = 1.10/2.81 = 0.391 
a =(T,/T,)® = (1.02/1.10)* = 0.795 


Now, it is readily shown® that an n-lag cascade (a chi-square 
distribution of 2n degrees of freedom) has the coefficients 


= 1/Vn, = 2/Vn 


In the special case of n = 6.5, with a transfer characteristic of 
the form 


1 


(1 + T,s)** 


Gs) = 


the coefficients become 
= 0.392, 
and the mean time T’,, is given by 
T,, 


Accordingly, a reasonable approximation to the parallel-flow 
step-response characteristic can be found in the chi-square dis- 
tribution of 13 degrees of freedom with 7’, = 2.81/6.5 = 0.432. 
This is indicated in Fig. 5 and compared with a lag-delay ap- 
proximation with u = 0.391 and a = 2. 


FREQUENCY-RESPONSE RESULTS 


In terms of the same representation used for transient re- 
sponse, the frequency responses of heat exchangers may be found 
directly. 

Thus, if 


—Tms— ; Tee -. 


e 
Odd 


1 
+... 
Amplitude |G(w)| =e ? 


Phase ZG(w) = —T,,w + T — 

so that the set of parameters 6, T,,,, T,, T, . . . describe the fre- 
quency characteristics simply and uniquely. However, specifica- 
tion of only the first few parameters merely defines the low-fre- 
quency behavior, and as the frequency w is increased, more of 
the time constants will be required to characterize the behavior. 


MAY, 


.-LAG-DELAY MODEL 

a+2.0 

G(s)= /(1+2.16 8) 
| | 

.—ROOT-LAG-DELAY MODEL 

#=095 a=2.83 

G(s)= 


6 


L 


‘Fie. 4 Awnatyticat Step Response ror CouNnTERFLOW 
EXCHANGER 


= =0.39 


INLET TEMP 


a=078 
G(s)= 


| 
4 


TUBE 


Fie. 5 Anatyticat Step Response ror 
EXCHANGER 


However, one can proceed, as was done in estimating the step 
response, by picking a suitable model using the low-frequenc ae ae 
constants alone, and thus extrapolate the response to high fre- pe 
quencies under the tacit assumption that the model so chosen — 
will behave at least roughly like the prototype at higher frequen-— 
cies. 

Then for the counterflow exchanger, there has been plotted in 
Fig. 6 the predicted frequency-response characteristics for the “ae 
two previously determined models (Table 1). 


TABLE 1 COUNTERFLOW EXCHANGER 
Lag-delay model Root-lag-delay model 
Amplitude + T /W1 + Tat 
ratio 1 + 4.660% = 1/0 + 9.400% 
Phase Tew + tan— Tw 
= 0.120 + tan~! 2.16w 


Taw + = tan- 1 Tew 
= 0.750 + 0.5 


In a directly similar fashion, the response characteristics for 7 ras 
parallel-flow exchanger have also been plotted in Fig. 7 from the a 
formulas in Table 2. 


TABLE 2 PARALLEL-FLOW EXCHANGER 
Lag-delay model Multilag model 
Amplitude 1/1 + Tite? 1/(1 + 
ratio = 1/V1 + 1.21? = 1/11 +0. 
Tew + tan-'Tiw 6.5 tan pw) 
= 1.7lw + tan-! 1.10. = 6.5 tan-! (0.430) 


model used both in counterflow and parallel flow. These yielded . on 
among other results the response in the shell stream outiet tem- — 
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perature to disturbances in the tube stream inlet temperature. 
These disturbances involved both stepwise and sinusoidal 
changes. 

Results of some of these model tests are indicated in Figs. 8 to 
11. It is important to stress that the step responses and the fre- 
quency responses represent data from independent test proce- 
dures and therefore represent, in a certain sense at least, inde- 
pendent physical data. 

From blueprint data and direct measurements of the model the 
basic physical constants were obtained. These correspond 
precisely to the data assumed in the numerical examples of the pre- 
vious paragraphs. However, the surface conductance constants 
a, and a were back-figured, at least in part, from the calculated 
steady-state (zero-frequency) temperature ratios. Moreover, 
the distance velocity lag was estimated from measurements only 
with tolerable accuracy at L, = 0.6 min with a probable error of 
at least 0.05 min. 

With these restrictions understood, the predicted and meas- 
ured step and frequency responses are depicted in Figs. 8 to 11. 
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Appendix | 
For counterflow, the parameters of Equation [2] are given by 
6 =-—InD 
D,/Do nt 


V (Di/Do)* — 2D2/Dy 
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~ (0 + B, + ‘) 
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(at + Bs + 2) 
a2 


41,2 ] 


Dy = — +B) 
G2 


and so on, where a;,2 = a; for Case 1, a:,2 = a2 for Case 2 in Fig. 2. 


The M and B are 


and so on. 


By = € coth € 

B, = eB; (coth e —ecsch?€) 

B, = (coth — € esch* €) + €F,*(€ coth — 1)] 

B; = €| E; (coth — € esch? €) 
+ csch* ee coth — 1) ibe a 


(cotn €— €coth* + 7) 


€ = (a, — az)/2 


G25 
ar + esch* € 
and so on, where 


The £,, E2, .. . in Equation [10] are 


K Ky 
BE, = 2 : 


oak 


= 


(a, + a2) 


‘(a + @) — 


(a, + a) — + ae") — (a; + a2)} 


+ + a2) — (a;' (: +r+ 


- 

Given the system parameters, we can evaluate M and K, and 
from K we can find Z, hence B. Applying these M and B, the 
required parameters 6, T',,, 7',, and 7’, are found by Equation [7], 
[8]. These procedures and relations get simpler for special cases 
as follows: 


If ¢ = 0, that is, a; + a2, Equations [10] may 


Special Case 1. 
be rewritten as 


= /12 — K,*/720 


= K,/\2 — + K,*/30240 


Pa Case 2. If we neglect the effects of solid capacities, 


Equations [11] and [12] reduce to 
= (a2 + + 1)/(2€*) 


Se? 


Special Case 3. Ife = Oin Case 2 [10] may 
be given directly by 


Bo = 1+ &/3 


(a2 2 
2 E 


_ a+r? E 
3 


— 2 


Special Case 4. If € = 0 in Special Case 3, i.e., no solid capaci- 
ties, and a; = a; = a, the final results are given directly by 


l+a ) 
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K, = — — + 2a, + a) — 
b b 
+ a)] . . [16] 
Pig, a + ae" 2 T 2 1 a 


p? 8p? 
s(1—p) 
3° * 3" 


8p? 
45(1 — p) 315(1 — p)? J 


The values of these terms are shown in Fig. 12. 


Appendix 2 


For parallel flow from Equation [6] the parameters of Equa- . 0.6 os Lo i 7 
tion [2] are determined as follows 
sin 
Coefficient of skew: a 


..{18] Fic. 12 Disrrrpution Parameters For A Case oF 
CouNTERFLOW 


F 

Be + The Es, .. . in Equation [20] are defined in the same formas 
; Equation [11], but Ko, Ki, ... in it are given in place of Equation _ alfa 

[12] as follows 


where a;.2 = a; for Case 1, a:,2 = a2 for Case 2 in Fig. 3, and B = 
(a, + az)/2. = 
The M and F in these results are 
Pe 2(a1 —a)(1 —r)— Aa, — «) 2 


b, 


F, = E, (B coth B — 1) 


= coth 8 1) 
E coth B— (1+. 
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= Special Case 5. Same as Special Case 4, andr = 1. Let us de- Os oe 
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20 
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qT, 
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b, 
+ 4(a,’ — a2") + 126? 
? E coth B — + b, — 2(a: — az) 4 
2 
+5 Ma’ — a) — (a: 


R. anp B. D. 


pi 


(B coth 8 — 1) 


326 (1 — B* esch* B) 


+ Beoth B | x 

a — — az) 

326 


T= 


coth B + 


(8? esch* 8B — 1] + 


Discussion 


This paper pro- 
vides the most rigorous basis that we have yet seen for setting up 
working equations for the transfer functions of heat exchangers 
from design data. The authors should be congratulated for their 
step toward reducing this procedure to a practical and reliable 
tool. 

We think that the special cases presented at the end of the 
paper are of perhaps greater importance than their position would 
indicate. We would like to ask the authors if they do not feel 
that the simplified equation resulting from neglecting the effects 
of solid capacities (Special Case 2) is justified for general use. 
Also, does not the use of an arbitrary mean value for the film co- 
efficient of heat transfer introduce an error of appreciable size? 
The film coefficient of heat transfer for liquid flowing inside a tube 
varies as the inverse square root of the viscosity and as the two- 
thirds power of the thermal conductivity. Both properties vary 
with temperature, which, of course, varies along the tube. 

Heat exchangers working between steam and liquid are also 
relatively common, but the equations presented in the paper do 
not apply, because the steam does not have a definite flow or 
temperature gradient. It would be interesting to develop this 
analysis for a steam-liquid heat exchanger. 


Autuors’ CLOSURE 


ents, which raise a number of questions; in particular, (a) the 
effects of varying film coefficients, and (6) the effects of solid heat 
capacities. Regarding the first, the authors did not attempt any 
dynamical analysis; however, lumping or dividing the pipe 
length into three or more sections, using different film coefficients 


oe. * The Foxboro Company, Foxboro, Mass. 


for each, and then calculating the performance as a whole will 
give one quantitative measure of the error in using mean values of 
the film coefficient. Both authors have performed such steady- 
state calculations of counter and parallel-flow heat exchangers, 
taking into account the nonuniform distribution of the heat- 
transmission coefficient, which yielded final results very close to 
those obtained using a mean film coefficient. Thus it is reasona- 
ble to assume not too great an error arises from this source in 
transient analyses. 

As to the effects of solid capacities, they, of course, depend 
upon the ratios to other system constants. For example, if one 
neglects the solid capacity in an air heater, the results may suffer 
more serious error than in the case of liquid flow, which the dis- 
cussers have selected as their example. An instance of this solid 
effect was demonstrated by one of the authors in Fig. 8(d) of his 
previous paper.* 

In the case of steam-liquid heat exchangers, if the saturation 
steam pressure is kept fairly constant regardless of the load, the 
analysis may be reduced to that of simple percolation and is 
directly given by the present equations. On the other hand, if 
the steam space is approximated by an equivalent finite-heat 
capacitance, one of the authors’ operational solutions (Case B of 
footnote 3) or its expanded form into the new formula (which is 
not included in the present paper) would give the appropriate 


response. 

Owing to delays in the presentation of the material cited as 
footnote 5 in the paper, covering the underlying concepts of the 
operational expansion employed in Equation [2], the authors feel 
it would be helpful to include a summary tabulation of a number 
of elementary models of unit gain (6 = 0) processes with step 
responses which are monotonic nondecreasing in time—so-called 
“monotone processes.” This table is given as Fig. 13 of this 
closure. 
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13 Mope.s ror Monotone Processes 


Some of these models, either singly or in cascade combination, 
have been employed in the paper. The laws of combination for 
the monotone parameters in such cases are most simple and 
direct, namely 


= Tm + Tne + + eee = 
k 

k 


= Ta? + + +... = 
k 


. .ete 


The coefficients c, are called 


the “cumulants” or “semi-invari- 
ants” of the process. ay eee. 
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It is also helpful to pass directly to the monotone parameters = , @ = T = a? — 2a: 


as) = 1 + ays + ays? + ays? + .. ~ Za yan. Thus the very large number of thermal, chemical, and other 
industrial processes, which are characterized by monotone step 

responses, can be approximated very simply by a wide variety of =» 
effective models such as those of Fig. 13, all possessing the same 
values of 7,, and 7,, for which knowledge of merely the co- — 


where the denominator polynomial may be either finite or in- 
finite. For this purpose the following relationships are helpful 
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Previously published analyses of the dynamic response of 
thermometers in wells have neglected either the internal 
distributed well resistance or the internal bulb resistance. 
This paper considers an “effective” resistance and capaci- 
tance of the bulb when it is in a well. The distributed re- 
sistance and capacitance of the well are included, and an 
approximate second-order expression for the dynamic 
response is developed using a combined analytical and 
experimental approach. There is also a brief discussion of 
the film coefficient of heat transfer. 


INTRODUCTION 


HE dynamic response of a thermometer is a function of 

both the thermometer and the measured medium. This 

discussion concerns thermometers consisting of a tempera- 
ture-measuring element in a protective well, where the measured 
medium is a fluid in forced motion. The ranges of temperatures 
considered are those at which the effects of radiation can be 
neglected. The general term, bulb, is applied to all elements 
whether they be bulbs of filled systems or simple butt-welded 
thermocouples. 

Hornfeck (1),? Fishwick (2), Aikman (3), and others have 
considered bulbs-in-wells. Hornfeck and Aikman neglected the 
internal well resistance, while Fishwick included this resistance 
but only in cases where the bulb-to-well resistance could be neg- 
lected. 

Aikman defines an effective capacitance of the bulb to de- 
scribe its response in a well. This capacitance is determined ex- 
perimentally and, in general, does not equal the value obtained 
by direct computation considering the heat capacities and the 
masses of the materials in the bulb. 

This paper presents a method of treating the internal dis- 
tributed résistance and capacitance of the well, and also gives a 
simple way of describing the bulb by an effective resistance 
and capacitance. 


Tue Fitm Coerricient or Heat TRANSFER 


: The film coefficient A is a measure of the heat transferred from 
the fluid to the well. Empirical expressions for h generally repre- 
sent experimental] data to within +20 per cent. Of particular 
interest are the equations recommended by McAdams (4) which 
give the average film coefficient per unit area around the surface of 
a cylinder for Re greater than 1000 when flow is normal to the 
axis of the cylinder. 

' Research Engineer, Brown Instrument Division, Minneapolis- 
Honeywell Regulator Company; now Instructor, Villanova Univer- 
sity, Villanova, Pa. 

? Numbers in parentheses refer to the Bibliography at the end of the 

aper. 
. Contributed by the Instruments and Regulators Division and pre- 
sented at the Diamond Jubilee Semi-Annual Meeting, Boston, Mass., 
June 19-23, 1955, of Tue American Society or Mecwanicat Enai- 
NEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, April 12, 
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bes. v is the average velocity of the main body of the fluid, p is 
the density, c the specific heat, 4 the absolute viscosity, and k the 
thermal conductivity of the fluid. The Reynolds number, pDv/y, 
in these equations involves D, the outside diameter of the 
cylinder. 

Aikman has found that, for thermometers with their tips 
pointing upstream in a pipe, Equations [1] and [2] can be used 
to determine h to within +20 per cent if the coefficients are multi- 
plied by 1.25, the increase being due partly to the added turbu- 
lence at the tip of the thermometer. Since h depends on proper- 
ties of the fluid which are functions of temperature, only a mean 
value can be used for a given temperature change. 

Differences of opinion are expressed in texts on heat transfer 
concerning the values of the coefficient and the exponent of Re 
in Equations [1] and [2]. However, the various values do not 
result in greatly different film coefficients, and Equations [1] and 
[2] have been used successfully by several authors. 

In processes where the flow pattern is random and the velocity 
cannot be defined in direction or magnitude, it may be possible 
to determine experimentally the film coefficient for a particular 
installation. This value then can be applied to any thermometer 
of the same size used in the same location in the process. 

In computing response curves for this paper, experimentally 
determined film coefficients were used for step and frequency re- 
sponses in water. They were found with the aid of specially con- 
structed thermometers made of copper tubes with the same OD 
as the wells to be tested and with a '/;-in. ID. A 32-gage constan- 
tan wire soldered to the inner surface of the tube constituted a 
thermocouple. The response curves of this thermocouple were 
first-order in a well-agitated water bath and in the apparatus 
used for frequency-response tests (5). The first-order time con- 
stant was then divided by the heat capacity of the tube to obtain 
the film resistance, the reciprocal of the film coefficient. 

To compute responses in air, the film coefficient was found from 
Equation [2] since the apparatus used for step response was de- 
signed to give crossflow. However, the film resistance in this 
case also was determined experimentally using the special thermo- 
couples and was found to agree within 5 per cent of . obtained 


from Equation [2]. an os 


By assuming certain idealized conditions, the pS of heat 
within a thermometer can be made analogous to the flow of cur- 
rent in an electrical circuit. This provides for the convenient 
use of the Laplace transformation and the standard solution for 
the equation of the circuit. Those assumptions which permit euch 
an analogy are asfollows: 
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1 The wells and bulbs are cylindrical. 

2 Heat transfer within the thermometer is by radial conduc- 
tion; axial conduction is neglected. 

3 The thermal conductivity and heat capacity of the materi- 
als are considered to be linear, evenly distributed along the ra- 
dius, and constant with changes in temperature. 

4 The temperature of the thermometer is assumed not to 
affect the temperature of the main body of the fluid. 


Since the only shape to be considered is a cylinder, it is con- 
venient to define parameters on a unit-length basis, the film re- 
sistance per unit length, Rp, being 


and the capacitance per unit length is 


(D,* — 


C = per r 
where k, p, and c are the thermal conductivity, the density, and 
the specific heat of the material, respectively. D, and D; are the 
outside and inside diameters of the shell. 

In general, the bulb is thermodynamically complex. Where 
there is a low film resistance, for instance in well-agitated water, 
the response of practically all bare industrial thermometer bulbs 


MAY, 1956 By) 
can be approximated by a single time constant 7’, which involves — 
only parameters of the bulb. 

Consider the experimental frequency response of a gue-filled 
thermometer as shown in Fig. 1. 
approximates a first-order system up to frequencies at which the | 


bulb-and-well assembly suffers much attenuation and phase lag. 
In this instance, a first-order approximation with time constant = 
T = 0.8 see is very good up to around 8 cycles per min (cpm). = 


This time constant can be considered as 
T = (Ry + 


where #2 and C; are the effective internal resistance and capaci- _ 
tance of the bulb. A further test where there is a different film re- _ 
sistance, Ry’, results in another such time constant a 


From Equations [6] and [7] 

T, = RC: = T'Ry — TRy 


With the bulb thus defined by a single time constant, the 4 


analogous circuit is shown in Fig. 2, where Ry is the film resistance, _ 


R, and C, are the internal well resistance and capacitance, I, is Z 


the bulb-to-well resistance, and R, and C; are the effective bulb _ oe 


The 


[10] 


resistance and capacitance, respectively. 
solution of the circuit equations is 


1 


must be described by an expression involving more than one time 
constant. As an example, a theory of response presented by O. 
Muller-Girard (6) results in a three-time constant equation for the 
response of certain mercury-filled thermometers. However, for 
the purpose of describing the response of bulbs-in-wells, the bulb 
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By expanding cosh and sinh in series and neglecting all powers — 


of s higher than 2, a second-order approximation can be made, — ae 


with Ts substituted for RC; 


6, 1 1 
(1+ Tis + Tos) 1 + + + 


where 


RC; 
4! 


‘ 
By neglecting the internal resistances of the bulb and the well, _ 


Equations [12] and [13] reduce to those used by Hornfeck, Fish- tpt = 


The response of the bare bulb 


= 


- 
The thermal resistance of a cylindrical shell is 
i= 
wy 
a R= In D,/Dy [4] 
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wick, and Aikman, [If all the internal resistances are zero, as is 
assumed in first-order approximations, 7,7: is zero and Equation 
[12] reduces to a single time constant 


T= Rr(Ci + C2) 


By neglecting Rs, the bulb-to-well resistance, Equations [11], 
[12], and [13] are useful to the manufacturer in estimating the 
optimum response to be expected of a particular bulb-and-well 
assembly when attempts are made to reduce the bulb-to-well re- 
sistance. 


EXPERIMENTAL AND CoMPUTED RESPONSES — 


All wells were 12 in. long and were immersed to a depth of 10 
in. The temperature of the measured medium was determined 
by a bare reference thermocouple with a 63 per cent response less 
than 0.1 sec in water. 

Fig. 3 represents a gas-filled thermometer bulb in a stainless- 
steel well with mercury between the bulb and the well. In Fig. 4 
the same bulb is shown in another stainless-steel well with grease 
between the bulb and the well. The computed and experimental 
step responses of these assemblies in agitated water and in air, 
with’ a crossflow of 1400 fpm, are shown in Figs. 5 through 7. 
A few points also are plotted in Fig. 5 which were determined by 
computations, neglecting the interna] well and bulb resistances. 

Fig. 8 represents a 20-gage, butt-welded thermocouple 
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in a well. A very tight- 
fitting thermocouple was 
made, and because of the 
good fit and the rela- 
tively small mass of the 
thermocouple, Rs, and 
C2 were neglected in the 
computations. Fre- 
quency-response curves of 
this couple are given in 
Fig. 9 for three different 
wells with longitudinal 
water flow of 1.5 fps. The 
step response in air with 
the thermocouple in a 
stainless-steel well is 
shownin Fig. 10. 
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The step-response curves of the gas thermometer and thermo- 
couple assemblies show good correlation between computed and 
experimental results. The superior correlation obtained by in- 
cluding the internal well and bulb resistances instead of neglect- 
ing them is evident from comparison of the computed curve and 
the points plotted in Fig. 5. 

The frequency response of the thermocouple assemblies shows 
better correlation with the magnitude ratio than with the phase 
lag. This is due partly to the fact that Rs, R2, and C, were 
neglected in the computations. However, difficulty in correlat- 
ing phase lag is inherent in a second-order approximation, since 
two time constants can account for a maximum of only 180 deg 
lag. Another time constant could add phase lag without notice- 
ably affecting the magnitude ratio at lower frequencies. 

The particular well materials of the thermocouple assemblies 
were chosen because they are nearly the same in capacitance but 
differ in resistance. Thus the importance of considering the 
well resistance is seen by the variation in response among the 
assemblies. 

Two major difficulties are encountered in describing the re- 
sponse of bulbs-in-wells; namely, obtaining values for (a) the film 
resistance and (b) the bulb-to-well resistance. For cases where 
empirical expressions such as Equations [1] and [2] do not apply, 
the film resistance may be determined experimentally. Likewise, 
when the bulb-to-well resistance depends on an uncertain metal- 
to-metal contact, experimental testing is required. However, the 
normal variation in the bulb-to-well resistance resulting from 
manufacturing tolerances can be determined and the response 
described so that it will lie between two limiting curves for the 
particular assembly. 

The analysis of thermometers is necessary to determine the 
effects of the various parameters upon the response. Experi- 
mental data alone do not provide enough information to describe 
the dynamic response under conditions different from those of the 


experiment. 

The principal tenets of this paper are: _ aie 

1 Although the expression for the response of a bare —— 
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involve several time constants, for the purpose of describing the — 
response in wells, the bulb can be approximated by a single time 
constant. 

2 By considering the bulb in this manner and also by includ- 


ing the internal resistance of the well, better correlation between _ ca 
experimental and computed response is obtained than by neglect- 


ing the well and the bulb resistance. . 

3 The method of including the internal well resistance and = 
capacitance was arrived at not by an arbitrary division of the well — 
parameters but by an approximation to the complete solution of | 
the distributed system. pe 

4 Experimental methods can be used to determine the film _ 
resistance for a particular installation where empirical equations _ 
cannot be applied. 
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Discussion 

H. M. Paynrer.* This paper seems to the writer to be an aa 
exemplary application of rational analysis integrated with careful __ 
physical experimentation and the author and his associates merit _ 
deserved commendation. 


It so happens that the transfer characteristic of the author’s 2 id x 
Equation [10] corresponds to a monotone nondecreasing step re- ee 
sponse and therefore the methods of the writer as outlined ina 


companion paper‘ apply equally well here. 
If the denominator of Equation [10] is again expanded in a 
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power series but where the terms are carried beyond the seond 
degree, there results a polynomial of the form 


: 115) 


6, 

6; (2) = 1 1 

1+ Tw + Tuts? + 


This may be further into monotone form 
6 = Tats? +. 
through the identities Shin 
TZ = Tr — Tu? 
= — 371: Tn? + Ti* 
ete. 
As in the reference cited, 7’,, measures the “mean delay” (i.e., the 
time co-ordinate of the centroid of the impulse-response curve), 
uw = (T,/T,,) measures the relative “dispersion” or “spread” 
about the mean, and a = (7/7) measures the “‘skew” or 
“asymmetry” about the mean. 
The author has used what the writer would call a “two-lag” 
model of the process, in which 


1 


and for which 
=7,+T7; 
ete. 


i oe ic _ It is obvious that this two-parameter model can be made to fit 
exactly the values of 7’,, and 7’, of Equation [10] of the paper, 
but will have an erroneous value of skew. In frequency terms this 
means that for low frequencies the fit will be as close as possible 
but for intermediate and high frequencies the divergence will be 
measurable. 

There are many other two-parameter models which are 
equally good theoretically but which may have special ad- 
for ific results or 


For example, if hand calculations were desired of the iin att 


to arbitrary variations in fluid temperature, the binominal model 
has obvious advantages, where 


LA (s) = pe~ Te 
6; 


eters for this model are 
T= pT, +47, 
= — oT, — 
etc. 
Corresponding to the author’s approximation (disregarding a) we 
could take p = qg = 0.5, for which 


Sed, fo 

1 


1 
Te = (7,—7, = Te 


We could then ve compute 6,(1) corresponding to a any 
6,(t) since 
1 
6,(t) = — T,) + — T,)) 
The foregoing remarks are all directed toward proving the 
soundness of the author’s methods and extending the range of — 
application of his results. 
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paper are gratefully acknowledged. It is noteworthy that the 
development herein presented concerning a specific problem i im 


perimental and analytical methods, sound theories can be ob- 
tained which are most useful and practical in industrial applica 


tions. 
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Flow a F luid 


Pressure distribution and weight-flow rate can be pre- 
dicted for laminar compressible-fluid flow in a thin passage 
by use of the methods presented in this paper. A simpli- 
fied method can be used readily when the fluid forces due 
to viscous action predominate over those due to accelera- 
tion of the fluid. A more complicated trial-and-error 
method seems to be required for larger passages where, 
though the flow may be laminar, the momentum effects 
due fo acceleration of the compressible fluid are apprecia- 
ble. An experimental apparatus was used to examine the 
validity of the analytical work. Experimental pressure 
distributions agree within a maximum deviation of 10 per 
cent with the theoretical distributions predicted by both 
the comprehensive and simplified theories. Experimental 
weight-flow rates agree within a maximum deviation of 50 
per cent with predictions of the simplified theory. Dimen- 
sionless plots of pressure distribution are presented with 
experimental curves of flow rate versus pressure ratio for 
various ratios of passage length J to passage height A. 
These plots, together with simple equations, have been pre- 
pared for direct use by the designer. < 


= 


NOMENCLATURE 
The following nomenclature is used in the paper: ‘ee 


A = cross-sectional area of passage, sq in. ss 
= wall area, sq in. MPR Ke 
width of passage transverse to flow, in. wt frlitte 4 
speed of sound, ips > 
specific heat of gas at constant pressure, sq in/sec* deg R 
hydraulic diameter, in. 
acceleration due to gravity, in/sec* 
height of passage, in. | 
ratio of specific heats 
length of passage in direction of flow, in. eng vie nie 
Mach number ong? 
pressure, psi 
volume rate of flow, cu in/sec 
universal gas constant, sq in/sec* deg R — 
temperature, deg R Avg 
fluid velocity, ips ‘ 
average fluid velocity, ips 
distance along passage in flow direction, in. 7 
distance from center line of passage transverse to flow, in. 
viscosity, lb-sec/sq in. 
density, Ib-sec/in.‘ 
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t = fluid shear stress, psi 
T» = fluid shear stress at wall, psi 
w = weight-flow rate, Ib/sec 


INTRODUCTION 


With current interest and activity in the development of pneu-— 
matic components and systems, there is a need for basic informa- __ 
tion in readily usable form concerning the flow of compressible _ 
fluids in various types of flow passages. Designers of pneumatic — 
mechanisms require information that will enable them to predict — 
leakage flows and the distribution of pressure along leakage-flow _ 
paths. Flow past rotating and stationary shafts, flow in hero : 
static’”’ air bearings, leakage flow in control valves, and the flow in 


has become apparent. 
The general problem of gas-leakage flows in narrow chennels of | 


with special attention to the case of leakage flows past the stems 

of air and steam valves. G. L. Shires (2) also has treated the — 

flow of air in a narrow slot with particular reference to the prob-— 

lem of a hydrostatic compressible-fluid bearing. The work to 

be described in this paper is part of a thesis investigation (3) on _ 

the design of hydrostatic air bearings. WN em 
The problem treated here is that of compressible-fluid flow in “= W< 

thin passage, as shown in Fig. 1. The width of the flow passage 

transverse to the direction of flow is of the same order of magni- —__ 

tude as the length of the passage in the direction of flow L,andthe 

ratio of the height of the passage h to the length Lis very small. 

For this range of geometric parameters, flow may be considered =—=— 

laminar and essentially one dimensional. As the analyses and 

experimental work demonstrate, the viscous-shearing forces pre- _ 

dominate over acceleration forces when the ratio of height to — 

length h/L is very small, but the momentum forces associated 

with the acceleration of the fluid become important ash/L 


ANALYSES 


Friction. A comprehensive analysis which has been given by 
A. H. Shapiro (4) for the flow of a compressible fluid in a constant 
area passage includes the effects of temperature change as well as 
friction and momentum effects acting in the fluid. However, the 
solution is not in the form of explicit relationships that may be | 
used directly for design purposes. Solutions to many problems — 
associated with this type of flow must be found by a trial-and 
error process because the stream properties and flow rate are 
interdependent in a nonlinear way. in 

The purpose of this analysis is to show how the stream proper- 
ties vary along the length L of a duct of constant width b and 
constant height h. 

The principal assumptions are as follows: a wee 

1 The flow is one dimensional and steady. ae 

2 The working fluid is a perfect gas. 


2? Numbers in parentheses refer to the Bibliography at the end of the 
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dx 
3 There are no external heat or work effects, and differences 
in elevation are negligible. 


Two sections of the duct are considered to be an infinitesimal 
distance dz apart, as shown in Fig. 2. 
If a perfect-gas relation is assumed 
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From the definition of the Mach number 


ec = sound velocity = 


= WERT........ [4 


e following equation is 


heresy an 


By dividing by P, where V? = kPM?, 


2 


The energy equation of steady adiabatic flow of a perfect gas is 
written R 


dV? 
caT + 0 


By dividing through by c,7 and by using the definition of Mach 
number, where c, = kR/(k — 1), Equation [6] becomes 


The continuity equation is 


oole 


oad Go 


Since A is constant, with use of logarithmic differentials 
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av av? 
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aiadn A is the cross-sectional area, rT, is the shear stress exerted me 
on the stream by the walis, and dA, is the wall area over which r,, © 
acts. 


The hy D is defined as four times the ratio of 


cross-sectional area to wetted perimeter 

A 4Adx 
— dz or dA, = ——... 
D=4 aA. or D 


dz 
ne 
2D gA p 
and by using Equation | 
[10] 
ip 


P 


kM? dV? 
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The five simultaneous equations, namely, Equations [2], [5], — i di, 


[7], [11], and [16], may be combined to give the differential equa- — 


_ tions for P and M as functions of 4f dx/9 


: 
— = pgV = const 
A 
"9 
oa [9] 
7 te: P 
20. (8) m Fig. 2(a), the momentum equation is written 
P 
“i 
° fi { the drag coefficient, or friction factor f, is the ratio of the 
; Sek x ar stress to the dynamic head of the stream and is a measure 
tent ee he relative significance of viscous and momentum effects BPs 
then by logarithmic differentials 
nto Equation 
& 
oO Ms 
J é 4 
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pressure distribution can be found by using intermediate 
dM 2 values of P/P* and 4fLmsx/D from Table 42. 
we Simplified Analysis Neglecting Momentum Effects. Asimplified 
analysis that neglects momentum effects leads to explicit relation- = 
ie: dP + (k — 1)M! ships for pressure distribution and flow rate. The Hagen-Poi-— 
| 4) seuille analysis which assumes that wall friction forces are pre- 
pent ite nasahillinaatid dominant is developed for a compressible fluid in a thin passage. 


% By fest integrating differential Equation [17], M can be found as The assumptions are as follows: 


a function of z if f is assumed to be constant 1 Viscous-shear forees govern the flow to the extent that — 
momentum forces can be neglected. 
a. 1 — M* The flow is laminar and fully developed. 
—1 M ‘) 3 Temperature is constant throughout the flow. 


The limits are as follows: 
1 The entrance where Mach number is M; and z is zero. 
2 The section a distance L along the passage where Mach 
number is Me. 


The integration for the special case where the final Mach num- P ee 
ber is unity gives ——{ dx 
( D ) kM? 2k ( 44-1 4 VELOCITY PROF 


where Lmax is the length required to attain a final Mach a 
of unity. Since 4fL/D is a function of Mach number only, the 
length of duct for a flow to pass from Mach number M, to M; can 
be found from eres 


4fL 4fLmax be 


where f is a mean friction factor. 
If the passage length Z is greater than Lmsx, flow will be 
“choked,” with the result that M, and flow rate decrease as L is 
increased. The exit Mach number Me will be unity for L equal Where wis the velocity of a particle at a distance y from the center 
to or greater than Lmax. of the passage, pm is viscosity, and 7 is the shear stress, When 
The expression for dP/P can be integrated similarly once M Equations [22] and [23] are combined 
is known as a function of z, in order to find the pressure distribu- y 
tion along the passage. These expressions relating the Mach du = — — dy —- 
number, pressure, length of passage, and friction factor have been » 
tabulated in Table 42 of the Gas Tables (5). By integrating u with respect to y and by substituting the limits 
If friction factor f as a function of Reynolds number Re, inlet y = h/2, u = 0, the equation of the velocity distribution is 
pressure P,, outlet pressure P:, and the dimensions of the passage 
L, h, and 6 are known, the flow rate and pressure distribution can ie ( Lal sub ¥) Ka 
be found by referring to Table 42 (5). An exit Mach number of 8 2 
unity is first assumed. The pressure ratio P;/P2 is then equal to 
P/P* in Table 42, where P* is the pressure when Mach number is 
unity, and for this value of P,/P: there is an entering Mach num- 
ber M, and (4fLinex/D)m,. From M; and a knowledge of 7,, V; 2by 
can be calculated from Equation [4]. For this value of V, and a dQ = — (* 
corresponding Reynolds number, there is a value of friction factor 
f. With the dimensions L and h, where 2h = D, 4fL/D can be Integrating the flow over the entire flow area, putting in limits, 
obtained. If this number is equal to (4fLmax/D)m,, the exit Mach simplifying, and adding a minus sign because dp/dz is negative = 
number Me is unity. If 4fL/D is less than (4fLmex/D)m, the exit the direction of flow yield 
Mach number M¢ is less than unity. If 4fL/D issubtracted from Pre ae 
to obtain (4fLmax/D)—,, the corresponding M: and Q= 
(P/P*) can be found. If 4fL/D is greater than (4fLmsx/D)m,, aaa] Sacre 
the flow is choked and, by trial and error, a new 4fL/D must be The equation for weight-flow rate now can be written 
found such that (4fLmax/D)m4, and 4fL/D are equal for new values 
of M, and (P/P*),. = 
For any of the three cases, the flow rate is eae aE “A 


This is a parabolic distribution, as shown in Fig. 3. 
The area for flow is 2by for an increment of flow dQ so that 


Pi 


4 
— 
a 
} 
f 
From Fig. 3, showing an element of fluid acted on by shear ¢ 
stress and pressure forces, the static equilibrium equation canbe => t 
written as Per 
2Pby —(P —dP)2by —2rbdz=0........(22) 
} 
} 
| 


clearance all around. A second O-ring seals the space between > 
the annular ring and the 1'/:-in-thick base plate. 

Three differential screws provide the adjustment for the 
separation between the flow plates, and three dial indicators — 
measure the plate separation. The differential screws havea No. | 
6-40 thread which mates with a hole in the movable plate anda __ 
No. 8-36 thread which mates with a tapped hole in a stationary 

The weight-flow rate is constant over any cross section and be- rm attached to the base plate. This arrangement, providing a 
cause of the assumption of constant temperature, the viscosity, | motion of '/o in. per revolution of the screw, allows fine adjust- 
which is principally temperature-dependent, will remain con- ment of the passage height h. : 


stant. Then integration to find the pressure P at any point along A grid of 81'/.-in-diam pressure-tap holes consisting of 9rows 
the flow path gives of nine holes each on '/;-in. centers in the direction of flowand*/s-in. = 


centers at right angles to the direction of flow covers the stationary — ; 
Pa base plate. A manifolding plate, which was lapped with the __ 
KS \ underside of the base plate after grinding to give a sealing surface, _ 
Pa can be located by means of a rack-and-pinion arrangement to — 
Therefore the pressure distribution in the direction of flow is jead out pressures from 18 points, 9 from each end of the manifold — 
parabolic. ieee ; plate. The apparatus schematic of Fig. 5 shows the vernier ar- 
By use of the same relationships to find weight-flow rate, inte- —;angement providing five positions in which two rows of holes are Pas 
gration over the length of the flow path L gives synchronized to feed pressures to the ends of the manifold plate. _ 
gbh? This system of pressure-tap manifolding permitted the use of 18 
24yuRTL — P*)..............[31] mereury manometers for pressure measurements instead of the 81 
7. which would have been required without the manifold. ay a 
a ‘ From Equation [31] the weight-flow rate can be computed if Two sets of three '/:-in-diam tubes lead into opposite pressure ti ae 
the end conditions and geometry of the flow path are known. chambers through the sides of the base plate to feed airin and out 
the apparatus. The pressure chambers are X 
EXPERIMENTAL APPARATUS providing large enough volume so that flow velocities before BS 4a 
na In order to investigate experimentally the pressure distribution = after the flow-plate restriction are negligible. _ : aes, 
; can and flow through a thin passage between flat plates, a simple 


A 
fixture with a movable plate and a fixed plate, each 6'/, in. wide INSTRUMENTATION «LPG > Se 
vs and 4 in. long, was designed, as shown in Fig. 4 A schematic diagram of the general instrumentation and air __ 
Re supply and exhaust arrangement is shown in Fig. 5. 
Three dial indicators with 4-in. dials and 0.0001-in. graduations 
; were used to measure the separation between the plates. 


Eighteen vacuum-type manometers were used to measure tae 


18 VACUUM 


MANOMETERS 


PRESSURE 
U-TUBE 
MANOME TERS 


Fic. 4 Fixture 


YG YG YG TO STEAM 


EJECTOR 
material used in the flow-boundary surfaces was SAE 1045 3 
hot-rolled steel stabilized by normalizing before rough and finish “RACK AND PINION 
machining. The surfaces of the two plates were lapped together a ee ~~ MANIFOLD ADJUSTMENT 7 
to produce very fine flat surfaces which were given a black-oxide 
finish to protect them from corrosion. The resulting bright black . wr: PRESSURE 
finish had a surface roughness less than 4 yu in. rms. 7. ee. TF in FROM 125-PS! 
As shown in Fig. 4, all parts of the apparatus were made heavy a. ne COMPRESSOR 
enough to minimize the possibility of deflections that would in- 
validate the results of the experimental work. 
The movable plate, which is */; in. thick, has an O-ring around 
its circumference to seal against leakage between it and the 
annular ring into which it fits with approximately 0.005-in Fic. 5 APPARATUS 


ES 
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distribution. The vacuum-manometer board, shown in 

ig. 4 and drawn schematically in Fig. 5, has a large reservoir of 
SS maintained at atmospheric pressure. The operating 
supply pressures for the tests ranged from */; atm to 2 atm on the 


a side and from 1 atm down to '/» atm on the down- - 


stream side. 


The mercury manometers could be read to within 


in. of mercury or approximately psi. 


A calibrated orifice flowmeter constructed according to ASME 
‘Standards was used to measure weight-flow rate. The pressure 
taps before and after the orifice were connected to a differential 
water manometer and also to separate absolute-pressure mercury 

nanometers. 

Iron-constantan thermocouples were placed in both the up- 
stream and downstream chambers to measure the temperature at 
entrance and exit of the flow passage. A Leeds & Northrup 

eatstone-bridge potentiometer circuit was used to measure 
oe thermocouple potential within 0.1 mv. 

A pressure tap was placed in both the upstream and down- 
stream pressure chambers to determine the end pressures. These 
taps were connected to mercury U-tube manometers that could 
measure pressures as high as 2 atm or as low as perfect vacuum. 

The upstream side of the apparatus was connected throvgh 
orifice flowmeter, valve, and flexible hose toe a 125-psi air com- 
pressor. The downstream side of the apparatus was conneeted 
through a valve to a steam ejector which is capable of handling 
0.2 lb of air per sec at a pressure of 2 psia. The capacities of both 
compressor and ejector were more than adequate for this work 
because flows of less than 0.01 Ib/sec were used at all times. 


OPERATION AND DaTA 


__ Pressure-distribution and weight-flow-rate data were taken with 

the flat-plate apparatus for operating pressure ratios P,/P: in the 
range from 2 to 12. Clearance ratio h/L was varied between 

The streamlines were determined to be very nearly parallel in 
the major flow direction by means of very fine oil lines on the test 
plates made in one set of runs. 

A set of runs was made with shims determining the plate 
separation as a check on the accuracy of the settings read from the 
dial indicators used for determining plate separation in in tho ma major 


portion of the runs. 2 


The pressure distributions calculated from both the compre- 
hensive and simplified analyses are compared with experimentally 
measured distributions in Figs. 6 and 7. The simple theory is 
seen to be good for very small A/L ratios in the range from !/j000 
to '/oo, a8 given in Fig. 6. For the extremely small clearances in- 
volved, the momentum effects can be neglected and the simplified 
theory used to predict the pressure distribution. For very small 
clearances, the quantity 4fLmax/D becomes very large, and errors 
in using Table 42 of the Gas Tables (5) are large, with the result 
that the comprehensive method does not give very accurate re- 
sults. 

However, as the clearance is increased to where h/L is '/¢¢7, as 
shown in Fig. 7, the pressure distribution predicted by the 
simplified equation does not agree as well with the experimental 
pressure distribution. For these larger ratios, the complete 
analysis prediction of pressure distribution based on Shapiro’s 
methods (4) agrees well with the experimental pressure distribu- 
tion. 

The weight-flow rate, which is predicted to be a function of the 
passage height cubed h* by the simplified theory, Equation [31], 
is found experimentally to be somewhat different, as shown in Fig. 
8. It would be expected that for large h/L ratios where momen- 
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tum effects are important the experimental weight-flow rates — 


would be smaller than those predicted by the simplified theory. 

Experimental weight-flow rates obtained for various values of h 
as a function of supply pressure P, are presented in Fig. 9 for a 
passage 4 in. long and 5 in. wide. 

A plot of experimentally obtained friction factor f versus 
Reynolds number is given in Fig. 10. The friction factors caleu- 
lated from the experimental weight-flow rates agree reasonably 
well with the work of Egli (1), as is illustrated by a comparison of 
the curves of Fig. 10. 


CONCLUSIONS 


A parabolic pressure distribution is accurate for passage height- 
to-length ratios of !/199 and smaller where momentum effects can 
be neglected and viscous forces predominate. For this same range 
of passage height-to-length ratios, the simplified relationship that 
weight-flow rate is a function of passage height cubed proves 
reasonably accurate. 

For larger passage height-to-length ratios where the flow is 
laminar, the pressure distribution and weight-flow rate can be pre- 
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dicted by using the methods which account for momentum 
effects. The table of friction factor versus Reynolds number, 
Fig. 10, and Table 42 of the Gas Tables (5) facilitate calcula- 


tions. 
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W. F. Hvucues.* The autbor’s simplified analysis should 
prove quite useful in the study of lubrication-type flows for air 
bearings where rather small h/! values are involved, and inertial 
effects can be neglected. The author assumes isothermal, hence 
isoviscous, flow cf the lubricant. For hydrostatic situations, 
that is, where the plates are not in relative motion, it is interest- 
ing to note that an adiabatic treatment yields results identical 
with the isothermal solution. In fact, the adiabatic treatment 
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shows that the isothermal solution is the only possible one 
compatible with energy conservation. Only in hydrodynamical <a 


situations, where the plates are in relative motion, isthe adiabatic 


solution different from the isothermal solution. This can be 
shown quite readily by considering the appropriate 


equation.‘ 
oy 


where the two right-hand terms represent work of expansion and e 
shear work, respectively. This equation can be put into the 


Now, if the author’s expression for the velocity profile, Equation _ 
[25], is inserted into the energy equation and then integrated ~~ 
across the film, assuming constant specific heat and constant fluid = 
properties across the film, the two right-hand terms cancel out = 
leaving the temperature gradient equal to zero. (The author's L 
expression for the velocity profile must have a negative sign in- 
serted since the positive pressure gradient is defined in the nega- 
**‘Modern Developments in Fluid Dynamies,’’ by 8. Goldstein, 
Oxford University Press, London, England, 1938, vol. 2, p. 606. , 
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tive z-direction.) Hence the flow is isothermal even if adiabatic 
conditions are assumed, and the results are identical with those 
obtained by the author. 

In contrast to this behavior, the adiabatic solution is substan- 
tially different for hydrodynamical flows which give rise to in- 
creases in temperature and viscosity of the air as it flows through 
the passage. In actual practice, however, the flow of air under 
such hydrodynamical conditions will be intermediate between 
isothermal and adiabatic conditions since the heat generated by 
internal friction in the fluid will be partially stored in the fluid, 
increasing its internal energy, and partially conducted away 
through the bearing surfaces. However, the adiabatic solution 
considering variations in viscosity and temperature will form an 
upper bound to the pressure and temperature distributions and 
may be closer to the actual operating characteristics for certain 
flow conditions than the isothermal solution. 

The hydrodynamical problem was first treated by Harrison in 
1913* for the isothermal flow of air between two inclined plates 
in relative motion, so that the author’s simplified analysis is 
actually a limiting case of Harrison’s solution. The other ex- 
treme, that of the adiabatic flow of air between parallel plates in 
relative motion with a pressure differential across the moving 


*“The Hydrodynamical Theory of Lubrication With Special 
Reference to Air as a Lubricant,” by M. A. omen. Trans. C am- 


plate or slider pad, has recently been investigated by Prof. J. F. 
Osterle and the writer at Carnegie Institute of Technology. A 
paper on this solution is in preparation. This work indicates 
that under these hydrodynamical conditions, an adiabatic analy- 
sis gives a slight pressure build-up which is not present for the 
isothermal case and a substantial rise in the temperature of the 
air as it flows through the passage. 

While the pressure distribution calculated by the adiabatic 
analysis may be close to the isothermal curve, the temperature 
increase has an important effect on the mass rate of flow and the 
frictional energy loss. Actually in the hydrodynamical situation 
the flow characteristics fall intermediately between the isother- 
mal and adiabatic values and a quantitative determination of the 
heat-transfer characteristics would be extremely useful in bear- 
ing design. As yet, no comprehensive quantitative analysis has 
been made of the hydrodynamical problem for intermediate 
where heat transfer is important. Saige 
Avurnor’s CLosuRE 

Mr. W. F. Hughes’ comments on the problem of flow ites 
momentum effects are not important are appreciated. The work 
by Prof. J. F. Osterle and Mr. W. F. Hughes on compressible 
flew between parallel plates in relative motion would be subject 
matter for a paper of interest to people pee with the de 
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An outline is aiieiad of a theory that oil-column 
resonance is one likely cause of control-valve oscillation. 
It is shown analytically and experimentally that acoustic 
resonance of the oil in the lines which are attached to the 

valve can cause an otherwise stable valve to squeal. 
_ Methods of eliminating the oscillation are given. 


INTRODUCTION 


oe NE of the more annoying characteristics of hydraulic 
=. valves is a tendency toward violent instability. Lee and 

: Blackburn? have shown that one likely cause of this 

hi oscillation hinges on the direction of spool motion relative to the 
_ direction of resulting oil flow along the spool axis. Tests by the 

_ author and others’ have confirmed that valves are truly and ex- 
tremely unstable if this direction of flow is not proper. However, 

_ the author’s tests also have shown that the valves are generally 

fs _ unstable even when the direction of flow is proper. This condi- 
tion indicates the direction of flow does have a pronounced 


_ important lestoos exist, and the search for such factors has led to 
_ the theory of oil-column resonance presented here. 


MECHANISM OF INSTABILITY 


' Research Engineer, Aeronautical Division, Minneapolis-Honey- 

well Regulator Company. 

?“*Transient-Flow Forces and Valve Instability,’ by Shih-Ying 
 Leeand J. F. Blackburn, Trans. ASME, vol. 74, 1952, pp. 1013-1016. 
- Contributed by the Machine Design Division and presented at 
_ the Diamond Jubilee Semi-Annual Meeting, Boston, Mass., June 

19-23, 1955, of Taz American Society or MecHANICAL ENGINEERS. 

: Norse: Statements and opinions advanced in papers are to be 

_ understood as individual expressions of their authors and not those 

_of the Society. Manuscript received at ASME a Sep- 
tember 24, 1954. Paper No. 55—SA-14. ; 


excited oscillations. For oenale the simple valving system 
shown in Fig. 1 can oscillate violently. The plunger is merely 
placed in the valve body, the supply pressure line energized, and 
the return line connected to the sump. A typical frequency of 
oscillation is 300 cycles per sec (cps). To the author’s knowledge, 
no completely satisfactory explanation of the origin of this phe- 
nomenon has been given. 

The results of the investigation reported here have shown that 
the dynamics of the oil in the lines connected to the valve, when 
combined with the dynamics of the plunger, can cause the system 
to oscillate. As a result of the inertia of the oil column, a random 
valve displacement causes the pressure to change at the down- 
stream end of the column. This pressure disturbance travels up- 
stream in the column at the speed of sound, hits the acoustic end 
of the column (where the oil line abruptly expands into the 
accumulator), and is reflected back as in an organ pipe. If the 
time delay of the returning pressure disturbance is such that the 
original valve displacement is strengthened through flow reaction 
forces,* then the resulting regeneration, by not satisfying the 
Nyquist stability criterion, can lead to continuous oscillation. 
If the natural frequency of the valve corresponds to the resonant 
frequency of the oil column, a highly unstable system results. 
The situation appears to be similar to that existing in a reed type 
of musica] instrument, such as a clarinet, or even more to that in 
a tuned-reed organ pipe. 


DERIVATION or StaBitiry EquaTIONs 


To solve the stability problem of Fig. 1, the Nyquist stability 
criterion will be applied after two transfer functions have been 
derived. The first transfer function describes the change in 
valve flow which results from changing the valve displacement. 

3 Steady-State Axial Forces on Control-Valve Pistons,”’ by Shih- 
Ying Lee and J. F. Blackburn, Trans. ASME, vol. nm, 1952, pp. 


1005-1011. 
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The second transfer function describes the change in valve dis- 
placement which results from changing the valve flow. 

These two transfer functions are not simply the reciprocal of 
one another as it may appear. In the first, the plunger is moved 
by means of a brute-force-displacement input signal and the 
valve-flow output results. In the second, the plunger is unre- 
strained and free to move about as a result of changing flow forces 
which are caused by changing the valve flow. The flow changes, 
in turn, are caused by changing the valve pressure drop by means 
of a brute-force-pressure input signal. 

The following is a derivation of the first transfer function. It 
involves a study both of the flow-displacement-pressure charac- 
teristics of the valve and the acoustic characteristics of the oil 
column. In Lee and Blackburn’s* Equation [6], it was shown that 
the flow through an orifice can be expressed by 

w ie Q, is ide valve flow, X, is the valve displacement, and P, is 
the valve pressure drop. For sinusoidal perturbations, Equation 
{1] can be written as 
og, 


AQ (jw) = aX. | ps AX (jw) + oP, 
where A is the incremental notation, j is the / —1, and w is the 
frequency. 

When dealing with the oil-column acoustic characteristics, dis- 
tributed parameter effects must be considered, since the time 
required for a pressure wave to travel up the oil column and back 
is generally appreciable when compared with the time of one 
cycle of oscillation. Since the oil column (1) is straight-line- 
terminated at its upstream end by a very abrupt expansion into 
the accumulator, (2) is relatively long and narrow, and (3) has 
smooth walls, it can be treated as a simple open-ended, lossless, 
long transmission line or organ pipe. 

For sinusoidal perturbations, the pressure and resulting flow 
at the receiving or downstream end of the oil column is, by the 
analogous electrical transmission line,‘ represented by 


p{jw) 


= —jZ, tan 
q(jw) ite 


where p, and q, are the perturbation pressure and flow at the oil- 
column receiving end, / is the length of the oil column, Zo is the 
characteristic impedance of the oil column and equals Vv, p/A*B, V 
is the velocity of sound through the oil and equals 1/ V eB, p is 
the mass density of the oil, A is the cross-sectional area of the oil 
column, and @ is the bulk modulus of the oil. 
In Fig. 1 the downstream end of the oil column is connected to 
the valve. Thus 
AP (jw) = p(jw) 
aj 


and 
AQ (jw) = 


Equations [2], [3], [4], and [5] can now be solved simultaneously 
to eliminate the pressure variable. This results in 


AX{jo) | 
jZo oP. +1 


‘Ultra-High Frequency Radio Engineering,” by W. L. Emery, 
The Macmil!an Company, New York, N. Y., 1944, p. 140. erect 


MAY, 1956 

which is the first of the two required transfer functions, and it = 

shows how radically the valve flow is affected by the dynamics of 

the oil column. Equation [6] has a form somewhat similar to that — 

of a conventional first-order-lag transfer function except for the — 

presence of the tangent function of frequency, which is due to the - 

distributed parameter effects of the oil column. This causes a 

phase shift of 90 deg lag when 


rather than when w = ©, as is the case with the conventional y 
first-order lag. When Equation [7] is satisfied, the oil column is at: 
in acoustic resonance—it is a quarter wave-length line at the __ 
first resonant mode. | 


Fic. 2. Frequency-Response Ratio or Vatve Fiow To VaLve 
DIspLACEMENT 


A typical polar plot of Equation [6] is shown in Fig. 2 for a 45- . : 
in-long, '/-in-diam steel oil line, coupled to a typical!/,-in-diam 
spool valve. The locus of points goes round and round and isre- __ 


peated at each higher harmonic of the oil column. At low fre- — 
quencies the flow is in phase with the valve displacement. At 
310 eps, the quarter wave-length frequency of the 45-in. line, the : 
flow is reduced to zero and 90 deg phase lag. ‘ 
The following is a derivation of the second transfer function— _ 
the change in valve displacement which results from changing the 
valve flow. It involves a study of the force-flow-pressure charac- =~ 
teristics of the valve and the mechanical force characteristics of ee “a 
the plunger. har 
In Lee and Blackburn’s* Equation [8] it was shown that the __ 
steady-state axial force required to open a valve of the type © 
shown in Fig. 1 is 


where F,, is the plunger force. For sinusoidal perturbations, 

Equation [8] can be written as 

oP, 


AF (jw) = AP 19) 


| Pe 
The total force acting on the valve spool in Fig.1is composed of = 
an inertial force caused by the spool mass, a viscous damping 
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3 which is the second of the two required transfer functions. It 


force caused by the viscous drag on the spool, the steady-state Since Equation [6] shows how the valve flow reacts to pulsations 
force of Equation [9], and the transient flow-damping force de- _in valve displacement, it is now possible to determine if the system 
scribed elsewhere.? This latter force is caused by the rapid ac- is stable or if the effect represented by Equation [6] can con- 
celeration of the oil along the plunger axis when the orifice opens, tinuously excite that represented hy Equation [11] or vice versa. 
and it is called a flow-damping force since iti is proportional to the Perhaps the situation can best be represented by a conventional 
rate of change of valve flow. closed loop, such as is shown in Fig. 3. Here, the output of each 
The sum of these forces, with an externally applied force of block is the input to the other (with zero command input for 
zero, is zero and may be written as — gonvenience of analysis). From the Nyquist stability criterion, 
positive flow- tein the closed-loop system will be unstable and will squeal if the 
damping force -- gpen-loop frequency-response locus of Fig. 3 encloses the minus- 
"AX ddx Se one point (provided there is no pole of Equation [11] in the right- 
ddQ, + AF, =0....[10} hand half of the complex frequency plane). 

dt? dt dt een Fig. 4 shows a Nyquist diagram of the response of the open-loop 
system, using the same components as used for Fig. 2. The 
mechanical anaes steady-state , rs: minus-one point is enclosed and, therefore, the system is un- 
and viscous flow force ‘stable. ‘The frequency at which the system will oscillate is 
damping forces somewhere between 270 and 310 eps, since this frequency range is 
where M is the plunger mass, d/dt is the time derivative notation, Closest to the minus-one point. If the locus is plotted for an oil 

B is the viscous damping coefficient, and L is the flow damping ©°lumn of zero length, the system will be found to be stable. 
length. The two lobes on the frequency-response locus of Fig. 4 are of 
Equations [2], [9], and [10] can now be solved simultaneously P4rticular interest. These lobes are caused by the locus return- 
to eliminate the force and pressure variables. This results in ing to zero at each resonant mode of the oil column. Actually, 
there is an infinite number of the lobes because of the infinite 
wasn taper TH: number of resonant modes of the oil column; however, only two 

ae & As previously implied, Equation [11] can have a pole in the 
ip right-hand half of the complex frequency plane. This condition 
can be caused by the real part of the denominator of Equation 
[11] having a negative sign at zero frequency, and it generally 
occurs at large valve displacements (0.001 in. or more). The pole 
(11) in the right-hand half of the plane amounts to an unstable inner 
locp in the open-loop system. When this occurs, the open-loop 
___ Joeus of the system shown in Fig. 4 should enclose the minus-one 


«i ‘J point to obtain a stable closed-loop system. 


EXPERIMENTAL RESULTS 


_ shows how the valve displacement, if not estan restrained, Figs. 5 and 6 show the results of the stability tests on the !/,-in. 
Z : spool valve. The frequency of oscillation and the externally 
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aes _ otherwise stable valve unstable. 


yalve instability. 


me an ment with the results of the analysis. 


applied, steady-state plunger force required to start the oscillation 
were recorded, using various line lengths and diameters. One set 
of calculated points also is plotted in Figs. 5 and 6 for comparison 
of the theoretical with the experimental results. 

As can be seen, the frequency of oscillation is high, probably as 
a result of air entrained in the oil. Air entrained in the oil would 
make the oil more compressible and thus lower the velocity of 
sound through it. The experimental frequency of oscillation, 
therefore, would be lowered. 

It is of particular interest to note that the frequency of oscilla- 
tion generally goes down when the length of the line is increased. 
This is reasonable since the resonant frequency of the oil column 
is lowered when the length of the line is increased. Also, the 
force required to start the oscillation increases rapidly when the 
length of the line is decreased because theoretically the system 
must be stable when the length of the line is reduced to zero. 

_ A steady-state plunger force is required in order to set the valve 
steady-state operating point, which establishes the proper and 
particular partial derivatives in Equations [6] and [11]. For the 


experiments, this force was applied through a rubber band having 


a very low spring rate. 
CoNCLUSIONS 

From the results of this study it can be concluded that the oil 
lines connected to the valve are a major factor in making an 
Therefore, to eliminate the in- 
stability, the oil lines should be (1) made as short as possible by 
moving the accumulator shown in Fig. 1 as close as possible to the 
valve, and (2) as dissipative as possible; also, adding a viscous 
damper to the valve plunger will help. 

It is hoped that this analysis will give a basis for a better under- 
standing of the phenomenon of valve squeal. 


Discussion 


Geruarp Reetruor.’ The author has made a very definite 
contribution to our understanding of one further mechanism of 
re This paper represents a fine example of the 

effectiveness of “cross breeding’ between the tools of the elec- 
trical engineer as applied to the mechanical-engineers’ problems. 


Us Attention should be drawn to work done in parallel and inde- 


pendently, of the efforts reported here, by Dr. F. D. Ezekiel® 


of the Department of Mechanical Engineering at M.I.T. Dr. 


_ Ezekiel’s exhaustive work substantiates fully the author’s results, 
yet presents some very effective means of eliminating valve squeal. 
Thus, splitting the “organ tube” into two separate sections of 


2 < different diameter or any other method of isolating the valve from 


_ the organ tube or increasing the “organ-pipe” quarter-wave 


frequency has proved effective. 


As the author points out, the forces acting on a spool valve in 


this type of oscillation are entirely flow-induced forces near the 


metering edge. The work presented here should be expanded to 
the serious poppet-valve problem where the all-too-familiar 


; squeal or “singing” has been an embarrassment to hydraulic 


 relief-valve manufacturers and users. 

The test results presented by the author are in qualitative agree- 
The fact that the fre- 
quency of oscillation increases with increasing tube diameter can 
be explained physically as follows: During oscillation a standing 


ia quarter wave is set up in the organ tube as shown in Fig. 7 of 


this discussion. 


5 Assistant Professor, Mechanical Encineering Department, 


fe Massachusetts Institute of Technology, Cambridge, Mass. Mem. 


ASME, 
* “Effect of a Hydraulic Conduit With Distributed Parameters 


on Control-Valve Stability,” by F. D. Ezekiel, ScD thesis, Depart- 


ment of Mechanical Engineering, Massachusetts Institute of Tech- 
nology, Cambridge, Mass., June, 1955. 


The node is outside of the tube and moves inward with increas- 
ing tube diameter. Thus the physical length of the tube does 
not equal the quarter-wave length of the pressure wave causing a 
certain between analysis and 


be thine 


The increase in frequency with increasing diameter also can be 
predicted from the analysis. Thus from Equation (6) and Fig. 3 


of the paper the system becomes unstable when ios 


we 

ae 

tiex 

wl 
tan = const 

Thus as A increases tan wl/V must increase, or the soins 

increases. 


J. L. Suearer.? The fundamental concepts employed by the 
author in gaining a better understanding of an important hydrau- 
lic-control problem are old and well known. Liquid column dy- 
namics have been studied thoroughly in connection with water- 
hammer problems, especially in large power-generating installa- 
tions where serious interaction takes place between the penstock 
and the turbine, load, and governor. Yet he seems to be the 
first person to have recognized the interaction between the hy- 
draulic supply line and the control-valve spool in hydraulic- 
control systems. Of fundamental significance is the fact that 
the coupling “mechanism”’ is the flow-induced force of the hy- 
draulic fluid on the valve spool, and that the thorough work done 
by 8.-Y. Lee on fluid-flow forces in valves undoubtedly helped 
make it possible to recognize this problem and deal with it 
quantitatively. 

Although the author does not deal with exhaust-line character- 
istics, it would seem that they might be equally important, al- 
though somewhat more difficult to analyze because of cavitation 
at low pressures. 

In trying to eliminate hydraulic squeal it seems important 
to consider both parts of the system and to apply design tech- 
niques that will provide a proper match between the two parts of 
the system. Dr. F. D. Ezekiel* has shown in an M.I.T. Doctoral 
thesis that a number of things can be done to modify the system 
to make it stable. Of particular interest is his work on providing 
a sudden expansion or contraction along the supply line. Of 
course it would be desirable to eliminate completely the fluid- 
flow force on the valve spool, but to date this has not been done. 


7 Assistant Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Mem. ASME. 
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It would seem that the results of this also could be applied to 
work with process-control valves, especially ones installed on 


long lines. 


AutHor’s CLOSURE 


The author wishes to thank Professors Reethof and Shearer 
for their able discussions of the paper, and for their discussions 
of the work done by Dr. Ezekiel at M.I.T. 

There is little question that the important work of S.-Y. Lee 
on fluid-flow forces in valves made it possible to recognize this 
problem and deal with it quantitatively. In fact, this is a very 
good example of the progressive build-up of a science in which 
one piece of work leads to another. However, it must be con- 
fessed that the author was very dubious about using S.-Y. Lee’s 
steady-state flow force work when dealing with frequencies up 
in the hundreds of cycles per second. This doubt was caused 


OLS 


by the possible large time delay required to establish the steady- 
state fluid flow patterns before the force can build up. 

The exhaust-line characteristics would appear in the per- 
turbation equations undistinguishable from the high-pressure 
line characteristics. However, in practice, the exhaust-line 
would cavitate and limit the amplitude of pressure oscillation 
to a low value which, though not as violent as squeal, could 
rapidly erode away the valve metering edges (which is another 
problem). This is in contrast to the pressure oscillation in the 
high-pressure line which can reach the amplitude of the supply 
pressure and therefore be very violent, and was the most urgent 
problem. 

The explanation for the discrepancy between the calculated 
and experimental frequency of oscillation sounds very plausible 
However, to be somewhat technical, all of Fig. 3, rather than just - 
the top block, should have been used to prove the point. = 
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On the 
the Accelerations in Four-Link 


By FERDINAND FREUDENSTEIN,' NEW YORK, N. 


T 


@ 


A method of analysis has been developed for obtaining 
(a) geometrical criteria for an extreme value of the angular 
velocity ratio of one link relative to another in a four-bar 
mechanism; (4) a direct method of determining the 
angular acceleration of the follower link of a four-bar 
mechanism, and maximum values of this acceleration in 
certain special cases. The results have been a 
slider-crank mechanism. 


NOMENCLATURE 


The following nomenclature is used in the paper: __ 


Fig. 1 shows a four-bar linkage in which 
DA = fixed link, length equal to d 
AB = driving link, length equaltoa 
BC = connecting link, length equal to b 
CD = follower link, length equal to ¢ 
All dimensions refer to center-line distances between pivot 
points. 
@ = Z DAB = displacement of driving link, radians 
y = Z ADC = displacement of follower link, radians 
pe = instant center or pole, located at intersection of AB 
and CD 
_ O = point of intersection of BC and AD 
OP = collineation axis (see reference 6) 
AA’ = line segment. parallel to DD’, A’, and D’ on con- 
necting link 
In the vector diagrams 
O’ = point located at the infinitesimal distance ds from O, 
both O and O’ imagined rigidly attached to con- 
necting link 
= point on line OAD, such that during infinitesimal 
displacement of the linkage, O’ moves to O” 
velocity of point O, on the connecting link 
component of Vo, perpendicular to connecting link 
component of Vo, parallel to connecting link 
angular velocity ratio, driven to driving link = 
dy/do 
= infinitesimal interval of time 
Vo.dt = displacement of O, during time interval dt, in a direc- 
tion perpendicular to connecting link 
Vo:dt = displacement of O, during time interval dt, in a direc- 
tion parallel to connecting link 


INTRODUCTION 
In the design of linkage mechanisms, values of the velocity 
and acceleration of the driven member are frequently desired. 


1 Assistant Professor, Department of Mechanical Engineering, 
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The velocity ratio (i.e., the ratio of the angular velocity of the 
driven link to that of the driving link) determines the mechanical 
advantage and thereby the operability of a given mechanism. 
The greatest and least values of this ratio determine the extent 
of the velocity fluctuation and indicate whether the motion is 
approximately uniform, harmonic, or irregular. The proportions 
of the links, on the other hand, are often determined by the mag- 
nitudes of the dynamic forces, which are functions of the acceler- 
ations in the mechanism. The methods which are presented are 
based on a well-known construction and concern the determi- 
nation of these velocities and accelerations. 


Previous Work on Ratios 


For prescribed limits of the velocity ratio in a given linkage, 


in analytical methods for synthesizing the linkage proportions have 


been developed by 8. Blokh (1),? R. Beyer (2), N. Rosenauer (3) 
and R. Kraus (4, 5). The latter stated (4) that at an extreme 
value of the velocity ratio in a drag linkage, the connecting link 
is perpendicular to the fixed link. This is an erroneous statement 
as demonstrated by N. Rosenauer (3). In so far as is known, 
however, the positions at which the velocity ratio become ex- 
treme have not been investigated further. 


ANALYsIs oF Extreme VALUES or Ratio In A Four- 
Bar LINKAGE 


It is well known that in a four-bar linkage, the velocity ratio, 
v (angular velocity of follower link divided by that of driving 
link) is equal to the ratio of the lengths of two parallel lines, 
such as AA’/DD’ in Fig. 1, drawn from the fixed pivots to the 
connecting link. Thus » = AA’/DD’. In the similar tri- 
angles A'OA, D’OD, AA'/DD’ = OA/OD. Hence 


O04 _OA/AD 
OD 1+ 0A/AD 


In a given linkage, AD is fixed and OA varies as the linkage 
moves. According to Equation [1], an extreme value of the 
velocity ratio v occurs when OA reaches an extreme value. The 
determination of the extreme-velocity position is converted, 
therefore, to the determination of an extreme-length position, 
namely, that of OA. 

Consider point O as rigidly attached to the connecting link. 
The velocity of O, Vo, is perpendicular to ray OP and has a com- 
ponent Vm perpendicular to the connecting link and a component 
Voz parallel to the connecting link, Fig. 1. During an in- 
finitesimal displacement of the linkage, defined by the change 
d@ of angle ¢, occurring in time interval dt, the motion is investi- 
gated of a point O’, attached to the connecting link at a distance 
ds from O, such that during this displacement, O’ moves to O” 
which is in line with the fixed link AD. 

The vector 00", as shown in Fig. 1, is equal to the vector sum 

OO" = ds + Voidt + Vo:dt 


? Numbers in parentheses refer to the Bibliography at the end 


of the paper. — 
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Equation [2] is based on the fact that the motion of 0’, to a first 
order, is equal to the motion of O and higher-order displacements 
are not considered. If the velocity ratio has an extreme value 
in Fig. 1, OA is stationary relative to the first-order displacement 
d® in virtue of Equation [1]. Thus 0” cannot be closer or fur- 
ther away from A than O. Vector Vo:di in Equation [2] must 
therefore vanish (otherwise OO” cannot be equal to zero). Hence 
Vo is parallel to the connecting link BC, and OP, being per- 
pendicular to Vo, is perpendicular to link BC. We have there- 
fore established i in a nonrigorous fashion: 


Ma 


Fie. 1 -Four-Bar CONSTRUCTION FOR 
Ratio DERIVATIONS 


Theore:- 1. At an extreme value of the velocity ratio, v, in a 


bothers 


either to the left or to the right of A. From O, draw two mu- 
tually perpendicular rays, OR, and ORs, at an arbitrary inclina- 
tion, 8, to the line of centers AD. Select a pole P anywhere on 
either of the rays, say, on OR;. From P, draw rays PAB, PDC, 
which intersect ray OR, at points B, C, respectively. Then 
ABCD or AB,PD represents the desired linkage. By varying 
r and @, the most suitable linkage proportions can be selected. 
Further investigation is necessary, however, to ascertain whether 
v is a maximum, a minimum, or at a point of inflection. 

Fig. 3 shows the two extreme positions of a crank-and-rocker 
linkage, characterized by the subscripts 1 and 2. Fig. 4 in a 
similar manner shows the extreme positions of a drag linkage. 
In a crank-and-rocker linkage, one extreme value occurs when O 
is between A and D. Ina drag linkage, O lies outside AD in both 


oat 


four-bar linkage, the collineation axis (OP) is perpendicular to the 


connecting link (BC). 
With a few additional steps we can determine a similar condi- 
tion pertaining to the ratio of the angular velocity of the con- 


necting link to that of the driving link, which is equal to Ga/ap . 


(Fig. 1). 
From Fig. 1 
180° 
da/d@ = 1 + dB/dd 


a=o¢+B— 


whence 


Hence a maximum value of da/d@ occurs at an extreme value of _ 


Fie. 2. Construction or Linxace Wits Prescrisep Extreme 
VALUE OF THE ‘Vevocrry Ratio, v 


dB/d@ and thus also of The extreme value of d¢é/d8 can 


be derived by inversion of Theorem 1, in which AB is considered 
stationary. In this inversion, v (=dy/dd) ~ dd/d8, BC + CD, 
and OP remains unchanged as it is a symmetric parameter (7). 
This inversion leads to the following: 


Theorem 2. At an extreme value of the ratio of the angular 
velocity of the connecting link to that of the driving link in a 4 


four-bar linkage, the collineation axis (OP) is perpendicular 
to the follower link (CD). 

PB has an extreme value also. A rigorous proof of Theorem 1 
is outlined in the Appendix, section 1. The truth of Theorem 2 
follows by inversion. 


Appendix, section 2. 


Construction oF LinKAGEs WiTH Prescripep ExTREME VALUE 


or Ve.ocrty Ratio, v 


Draw the fixed link AD, of unit length, as shown in Fig. 2. 
Locate point O in line with AD such that OA = v/(1 — v), where 
v is the extreme value of the velocity ratio. Point O may be 


The analytical expression for the extreme — 
value of the velocity ratio v is lengthy and is derived in the — 


Fie. Exrreme Verocrry-Ratio Posrrions or a CRANK~-AND- 
‘ Rocker LinkaGE 


— 
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As before, we consider the motion of a point O’, located in- 
finitesimally close to point O (both being attached to BC) such 
that during an infinitesimal displacement d@ of angle ¢, point 
O’ is displaced to O", which is on the line of centers AD. The 
displacement of O is shown on an enlarged vector diagram, Fig. 
5. The displacement has a component Vo.di perpendicular to 
BC, and a component V o:dt, parallel to BC, the total displacement 
being Vodt. On the enlarged diagram, OO" is shown equal to 
OD and O” is coincident with D. 

Let the change in OA during the infinitesimal displacement 
be equal to dz, where OA = xz. Then 


Fie. 4 Extreme Veviociry-Ratio Posrrions or A Draco LINKAGE 


positions. In both linkages, a maximum value of v occurs when _ Differentiating Equation [4] with respect to , we here 

QO is to the right of A, assuming that AB is the driving link, AD ay ee a 
horizontal, and A the left pivot (the driving link of the drag link- 
age is assumed to be the lagging link). dg? ~ (x +d)? dt w 


_ Exrension To ACCELERATION ANALYSIS OF A Four-Bar Linxace Furthermore, ON /BP, where Vz is velocity of B. 


The acceleration of points on a four-bar linkage, in which the Therefore 


m, driving crank rotates at a constant angular velocity, is deter- 
_ mined by purely geometrical considerations. A method based 
on these considerations can be expected to supplement the ac- 
celeration constructions velocities (8, 9, 10). The From the similar triangles ORO", OMD, we have 


Fre. 5 Four-Bar Linkage, SHowine ConsTRUCTIONS FOR ACCELERAYION DERIVATIONS 
wh ont 
taethod of analysis used in the previous portion of this paper, MD/OD = OR/OO" 
namely, the conversion of a velocity analysis to a distance anal- = (Vordt)/(dr) = Voi/(dx/dt) 
sys (i,e., to a purely geometrical analysis) will be extended 
in this connection. In Fig. 5, ABCD is a four-bar linkage. 
Nomenelature is identical with that of Fig. 1. The angular ve- d( caw) 
locity of the driving link, AB, is denoted by w = d¢/dt and is ‘ac eee 
considered constant unless otherwise indicated. PN and MD 
are perpendicular to BC. 


The tangential acceleration of C, a,,is given by 


Thus, eliminating Vg from Equations [6] and [7] and substi- 
tuting the value of dz/dt thus obtained into Equation [5], an 
Vz = linear velocity of B, in/sec bait to Toner ity As expression for d*y//d@? is obtained which, when substituted into 
Vc = linear velocity of C, in/sec iat _ Equation [8], yields 
a., = tangentialaccelerationofC,in/sec®? ON 

a., = normal acceleration of C, in/sec* PB-MD-OD 

= angular acceleration of follower link, rad/sec* a,, = normal acceleration of C = = 
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v = OA/OD = (PC/e)/(PB/a)....... 
OA PC a 
OD PB ¢ 


Since 


OA PC 


Gey 
Dividing Equation [13] by Equation [9], noting that PN/PC = 
M D/c, and simplifying, we have 
OA PN 
tan = a,,./a¢ AD ON 
where X is the angle between the collineation axis OP and link 
BC. Substituting for a,, and tan @ the right-hand sides of 
Equations [10] and [14], the Equation a,, = a,,/tan @ becomes 


a,, = — v) cot A 


Using Equation [15] and the fact that a, = a,,/ce, we obtain the 
following: 

Theorem 8. The angular acceleration of the follower link of a 
four-bar linkage in which the driving link rotates at constant 
angular velocity, is given by 

- w = angular velocity of driving link, rad/sec 
v = velocity ratio, driven to driving link 
\ = angle between OP and BC 


a, = — v) cot A 


where 


Equations [10, 14, 15, 16] can be used to find the total tangen- 
tial or normal acceleration of C and the angular acceleration of 
the follower link. The values of v and \ ean be determined 
graphically. 

When the angular velocity of the driving link varies, Equa- 
tion [10] remains valid, but to the tangential acceleration given 
by Equation [15] another term must be added 


= cw*r(1 — v) cot A + 


Similarly, the term (v dw/dt) is then to be added to Equation 
[16}. 


EXAMPLE AND DIscussION 


Let it be required to determine the angular acceleration of the 
follower link CD, Fig. 6, when the driving link is rotating at the 
constant rate of 10 rad/sec. This is the acceleration of interest 
in the stress analysis of additional rotating elements (such as 
gear trains, for instance) which may be actuated by the follower 
link. 

The collineation axis OP is drawn as shown. The velocity ra- 
tio, v = OA/OD = — 0.7071, the minus sign indicating that 
CD rotates in a direction opposite to that of AB. The velocity 
ratio is positive or negative according as O lies outside or inside 
AD. Cot X = cot ZPOC = cot 45° = 1. Hence, numerically 


a, = w%(1 — v)cot A = (10*) (0.7071) (1.707) (1) 
= 120.7 rad/sec* 


As AB rotates slightly, it is clear from Fig. 6, that point O moves — 


Fic. 6 Four-Bar LinkKace 


toward the right. 
the sense of the acceleration is counterclockwise. 


Hence the absolute value increases aad 


Conventional analyses (8) involve the following determi- 


nations: 
fal 


(a) Component of acceleration of B along BC. Apis 9089 of 2 a 


(b) Angular velocity of C relative to B. 
(c) Acceleration of C relative to B. 

(d) Sum of items (a) and (c). 

(e) Normal acceleration of C. 

(f) Total acceleration of C, using items (d) and (e). ma? 
(g) Projection of this acceleration along normal to CD. salvia 


These proceedings involve the construction of velocities as well — 


as intermediate calculations, but do not require the use of a — 


formula, such as that stated in Theorem 3. The method of ie 


Theorem 3 becomes unreliable when angle \ approaches zero, . 


but in other cases seems comparatively — and ——— 


Fic. 7 Construction To DeTerMINE VALUE OF \ WHEN CoLLINEA- | 


Tron Axis Lies Far From LinkaGe 


When points O and P lie far from the linkage, the construction — 


shown in Fig. 7 can be used. 
to BC and CO’, respectively. From this it follows by similar 


In Fig. 7, AP’ and BA are parallel _ 


triangles that O’P’ is parallel to OP. Angle \ can then be 


measured from O’P’ without drawing OP. 


ExrremMe VALUES or ANGULAR ACCELERATION OF FOLLOWER 


Link or A Four-Bar LinKaGe 


The preceding results suggested an investigation, details of — 


which warrant inclusion in the Appendix (section 3) only, but cag 


the results of which will be summarized briefly: 
An extreme value of the angular acceleration of link CD of a 


crank-and-rocker linkage occurs when the driving link is parallel — ae 


For the case 
"pal 


to the connecting link and Z BCD is a right angle. 
shown in Fig. 8(a) 


[18] 
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Fie. 8 Linkages Maximum oF ANGULAR AccELERA- 
TION OF FoLLowER Link 
(a +b)? +c? = 


a and the angular velocity of the driving link is constant. 
- In a drag linkage, an extreme value of a, occurs when the con- 


ye 
ak 


Fie. 9 S.iiper-Crank 


as stated in Theorem 1. The analytical formulation of this con- 
dition is derived in Appendix, section 4, and leads to the equa- 
tion 


11V*— + 2 + -V/(11V4 — + 2)? — 


4(1 — V*) (1 + V?)* 


m? = 


to te fixed link and ADC is a right angle. 
_ For the case shown in Fig. 8 (b) 


a, (max) = 


Ow 


where (b +d)? + 


—— the angular velocity of the driving link is constant. 
Equations [18] through [21] can be used in the synthesis of a 
. four-bar linkage with prescribed acceleration characteristics. 


APPLICATION TO A MECHANISM 


Fig. 9 shows a slider-crank mechanism with the equivalent 
linkage background. 


AB = driving crank, length equal to r 

BC = connecting rod, length equal to ¢ 

OP = collineation axis of equivalent four-link mechanism 

d@¢,/dt = constant angular velocity of crank AB, rad/ 
sec 

velocity ratio (velocity of C divided by that 

maximum value of velocity ratio, ‘ 

Z COP, angle between OP and BC nde 

Z BAC; when v, = V, d = on 

Z ACB; when v, = V, ¥, = Va 

r/e 

acceleration of B, in/sec* 

acceleration of C, in/sec* 

velocity of C, in/sec ry 

OW = line through O, parallel to AC, WwW ie on PN 


The maximum value of the velocity ratio, »,, occurs when the 
collineation axis, OP, is perpendicular to the connecting rod BC, 


21 + 


where V is the maximum value of the velocity ratio, v,, and m 
(= r/c) determines the proportion of the mechanism. 

This equation can be used to synthesize a slider-crank mecha- 
nism which is to have a given value of V. 

The following set of parametric equations is derived in the 
Appendix, section 4 


[23] 


where ¢ is a parameter 
. (24) 


. (25) 


sin + Wn) = V V1—t. 


where @,,, ¥,, are the values of $,, ¥, when v, = V. 

Two graphs were constructed with the aid of these equations. 
Fig. 10 shows the exact values of the crank displacement (¢,,) 
and of the angle between crank and connecting rod ( Z ABC in 
Fig. 9) at positions of maximum velocity ratio, for different 
values of the mechanism proportion ratio m. Fig. 11 shows the 
maximum velocity ratio V as a function of the mechanism pro- 
portion ratio m. In the case of harmonic motion, m = 0, V = 1, 
and the angles shown in Fig. 10 are right angles. The devia- 
tions from this limiting case are evident from the figures. 

The acceleration of C, a,., is equal to the acceleration a,, of 
Equation [15] 


[26] 


a, = cw* vo(1 — v) cot A 


In a slider-crank mechanism, the angular velocity » of the fol- 
lower link is equal to zero, and the linear velocity of C, v, is equal 
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to (cw). — Equation [27] becomes : 5 ‘Zur Synthese der Doppelkurbel,’’ by R. Kraus, Maschinen- 
bau /Getriebetechnik, vol. 18, 1939, pp. 93-94. 
w 6 ‘Kinematics of Mechanisms,”’ by N. Rosenauer and A. H 
ig COE X (- a, Willis, Associated General Publications Printing, Ltd., Sydney, 
tins PB Australia, 1953—collineation axis on pp. 86, 191. 
7 “Design of Four-Link Mechanisms,’’ by F. Freudenstein, 
q\-cee CONCLUSION PhD thesis at Columbia University, publication No. 8252 of Uni- 
. ‘ ‘ versity Microfilms, Ine., Ann Arbor, Mich., 1954, p. IV-7 on “‘Sym- 
The velocity fluctuation and the acceleration of mechanisms, metric Parameters’; p. VI-32 for Table 9 
the equivalent four-bar linkage background of which can be 8 ‘Engineering Kinematics,” by A. Sloan, The Macmillan Com- 
identified, can be analyzed by the methods of this paper. The ?87¥, New York, N. Y., 1947, pp. 280-284 on “Acceleration Anal- 
investigation was suggested by a consideration of the significance 9 “Semigraphical Solution of Acceleration Problems of Plane 
_ of the collineation axis, OP, regarded as a symmetric parameter. Cam-Driven Roller Followers and Four-Bar Linkages,” by Chun 
Hung Chiang, ASME Paper No. 54—F-15. 
“ dae 10 ‘‘A Uniform Method for Determining Angular Accelerations in 
tabcinby tl # BIBLIOGRAPHY Mechanisms,” by L. R. Koenig, Journal of Applied Mechanics, Trans. 
ASME, vol. 68, 1946, pp. A-41—A-44. Discussion pp. A-309-A-313. 


1 “On the Synthesis of Four-Bar Russian), 11 “Kimematieche Getrisbeaynthese,” by R. Beyer, Julius 


by S. Blokh, Bull. Academy of Science, USSR, Technical Science evinnee. ee ae any. 1953 

Division, 1940, No. 1 (listed in reference 2). are ; 2 "On Three-Bar Motion,” by A. Cayley, Proceedings of the 
2 Gelenkvierecke mit V orgeschriebenen Geschwindigkeits und London Mathematical Society, vol. 7, 1876, pp. 136-166. ae 

Beschleunigungsverhaeltnissen,”’ by R. Beyer, Werkstattstechnik, vol. 

37, 1943, pp. 293-295. . 
3 ‘“‘Gelenkvierecke mit Vorgeschriebenen Groesst und Kleinst- Appendix 

werten der Abtriebswinkelgeschwindigkeit,"’ by N. Rosenauer, 

Werkstattstechnik, vol. 38, 1944, pp. 25-27. 1 The following concise proof of Theorem 1 is due to Prof. 


4 ‘Die Doppelkurbel und Ihre Geschwindigkeitsgrenzen,’’ by 
R. Kraus, Maschinenbau/Getriebetechnik, vol. 18, 1939, pp. 37-41 A. 8. Hall of Purdue University and his derivation is hereby 


(same as vol. 7 of Reuleaux Mitteilungen). gratefully acknowledged: 
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Fie, 12 Four-Bar Linxacs THEOREM 


TANGENT TO PATH OF 
“O° RELATIVE TO co 


As established by Equation [1], when the’ velocity ratio v 
reaches an extreme value, OA (and OD) reach an extreme 
value, likewise. This means that the tangent to the path of O 
relative to CD must be perpendicular to OD (see Fig. 12). But 
by the Bobillier theorem, Z TOD = Z POC (reference 6, p. 86). 
Hence, when Z TOD = 90°, sois Z POC. 

2 The equations of the coupler curve, which can be found in 
A. Cayley (12), are given (reference 11, p. 154) in Cartesian co- 
ordinates. The + -axis is in the direction A to D, Fig. 1, the 
origin is at A, and the +y-axis is vertical and up. Consider 
point O on the connecting link such that OB = u and O is on the 
z-axis. Writing Equation [277] (reference 11, p. 154) for y = 0, 
we obtain an equation for the abscissa z of point O 


u(z — dj [x* + (u + b)? — 
— 2(u + b) — d)? + = 0... 
According to Theorem 1, at an extreme value of the velocity 


ratio, dz/du = 0. Solving for dzr/du from Equation [29] and 
equating the numerator to zero, we have 


[29] 


(x — [z? + (u + b)? — a®] — — d)* + — 
= 2Qud(u + b) 
Solving Equations [29] and [30] for z, the velocity ratio can be 
obtained from the equation » = z/(z +d). The expression for 
zis 
+ + Cort + Caz? + Cox? + Cor + = 0 
where 
C, = —4(d? — b*)? 
C, = d[128(a? — c*) (3d? + 5b*) — 12(d* — b*)n] 
C; = 44b%c*d? — 12a%d* + 4b4c? — nb? + 12d?) 
—100a*b*d*? 
= (72b%d* — 24b4d) (c? — d*) + 128b‘d* 
— n(a? — (2b’d + 24d*) + 4b%dn? — 
+ n(18b*%c*d — 18b*%d*) + 80b%d*(a* — b? — n)... . [35 
Cy = — + — 
— (a? — b*){12d* + b’d*) + nX8b%d? — 
+ 36b%d*n(d* — c*) + (a* — b*) 
(—98b%d* + 18b%%d? + — 64b4d* 


12a*d*) 


aan 


Cy = Adta*[3(a* — b*) (—n) — — 
C; = —4d‘a%a* — b*)? 
n=—a’? +b? + c?—d 


3 When A = 0, a,, = 0 or a,, = 0, depending on whether 
AB and BC, AD and BC, or BC and CD are parallel. Also when 
A = 90°, a,, = 0 and a,, has an extreme value for many linkages. 

It might be expected, therefore, that when A = 0 and a,, = 0, 
a,, may reach an extreme value. The analysis given in reference 
(7) (chap. VI, Table 9) was used to check this possibility. In the 
terminology of reference (7), it was checked under what-circum- 
stances ms = 0, assuming m, to be equal to zero or unity. Using 
Equation [9-1] of reference (7), it was found that a,, = 0 only | 
under the special circumstances given in the text of this paper, 
as can be verified by substitution of the appropriate conditio E 
into Equation [9-1], reference (7). 

4 When A = 90°, the following equations apply a me 


V = PC/PB = AO/AB = sin + [40] 
sin = m sin @,, 
AO = AC tan ¥, 
Applying the sine law to triangle AOP, when A = 90°, we have : 
AO _ AC/cos on 
sin + — 90°) 
Combining Equations [42] and [43], we have 
008 (m + Wu) 
sin W,, cos @,, 
Eliminating ¥,, from Equations [41] and [44], we obtain 


m‘ sin® ,, — m* sin‘ ¢,, — sin? d,, + 1 = 0 


tan ¥, = 


(45) 
which can be written in the form A 
m1 — sin? ¢,,) = sin‘ — m? sin’ ¢,.).... (46) 
Taking the square root of both sides of Equation [46], wehave 


cos ¥, = cos d,,/(m sin* 


Using Equations [47] and [41] to eliminate y,, from Equation — 
[40], we have 


V = sin ¢,,(1 + m?* sin? ¢,,) 


Squaring Equation [48] and subtracting the result from Equation 
[45] in order to eliminate the term in (m‘ sin ¢,,), we obtain 


3(m? sin? ¢,,)* + 2(m? sin* — m* — V*m* = 0... . [49] 


Solving for (m? ¢,,) using Equation [49] and substituting the 
result into Equation [48], Equation [22] of the text is eventually _ rd 
obtained. 

The parameter ¢, defined in Equation [25], can be defined by 
the equivalent equation 


where 0 < ¢ < 1. Equations [45, 48, 40] can be transformed 
into Equations (23, 24, 26] of the text. The minimum value of 


sin ¢,, is equal to V0.8 and occurs when m* = °/s, as can be 


deduced from Equations [23] and [25]. - 
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At =0\ 
Avian H. Canpee.* The writer will discuss Theorems 1 and 
3 of the paper by referring to the kinematics of toothed gearing, 
inasmuch as the equivalent four-bar linkage for a pair of rotating al a rir + R) 
gears behaves in the same way instantaneously as other four-bar aaah "Rt 
linkages. Gears may operate at a constant ratio of angular veloci- ' 
ties in which case their pitch curves are circular, or they may have ‘Stated in words, this means that 
noncircular pitch curves and a varying ratio. Angular acceleration of driven gear 
In noncircular gears, at a position of maximum or minimum 
ratio, it is obvious that the pitch curves cross the line of centers at 
right angles, and that they then instantaneously conform to pitch a 
circles. With these ideas in mind we can restate Theorem 1 in the ‘ of po anid | 
terminology of gearing as follows: pitch curves / \of driver 
At an extreme value of the velocity ratio in a pair of noncircular 
gears, in the instantaneously equivalent linkage, the line connect- 
ing the pitch point O to the instant center P of the common normal 
B-C of the tooth profiles is perpendicular to the normal itself. 
_ This fact has long been known in the literature of kinematics 
and gearing. It is believed to have been discovered by Euler 
(1765) and it was used by Willis (1841) in a geometrical construc- 
iis hale tion for locating centers of curvature in gear-tooth profiles.‘ 
An easy way to arrive at the perpendicular relation described in 
“ 
rr the theorem can be shown by referring to Fig. 2 of the paper. 
Point O is the instant center (pole) of the relative motion between 
links A-B and D-C. At a maximum or minimum ratio of angular 
velocities point O must be instantaneously at rest in the station- 
ary line A-D, which means that the point of link B-C at position O 
i must be instantaneously moving in the direction of B-C. Be- 
cause P is the instant center of B-C relative to line A-D, line 
P-O must therefore be perpendicular to B-C, The relation stated 
jin the theorem has thus been known without benefit of mathe- 
analysis. 

During the last Annual Meeting of the Society there was some 
discussion about accelerations in linkages. The writer has not 
had much occasion to deal with accelerations, but it occurred to 

at him that the conditions in noncircular gearing could be used to 
derive an equation for the value of angular acceleration. This was 
done a short time later, and a brief outline of the method used 
be Only a very simple is needed, Fig. 
13, herewith. 


tan Ba, 


_ (center distance (radius of driv er) 
‘(radius of driven)? 


The equation derived as shown can be rewritten to conform 
exactly with Equation [16] of Theorem 3 of the paper. This re- 
quires recognizing (a) that angle 8 is the complement of angle A of 
Figs. 5 and 12, (b) that the pitch point of the gears is located be- 
tween the centers of rotation, and (c) that the velocity ratiov = 
(r/R). 

The writer had supposed that angular velocities ia linkages 
were fully covered in kinematic literature, but he does not know 
whether the method of derivation shown in the foregoing is new 
or not. It seems to be shorter and simpler than the one pre- 
sented in the paper. 


\V.L. Doventie.’ The author is to be commended for his con- 
tribution to the study of the four-bar mechanism. He gives a 
simple and direct method of obtaining the angular-velocity ratios 
of one link relative to another and the extreme values of these 
ratios. The design of a linkage for prescribed extreme values of 
the velocity ratio is presented. He also gives a method of obtain- 
ing the angular acceleration of the follower of a four-bar mecha- 
nism in which the driving crank rotates at a constant angular 
velocity. This tool is also applied to the slider-crank mechanism 
in which the crank rotates at a constant angular velocity. For 
various ratios of the length of crank to connecting rod, the linear 
velocity ratio of the sliding member to the crankpin, the’ maxi- 
mum value of this ratio, and the position of the crank for the 
maximum value of the linear velocity of the slider are obtained. 
a" vy The acceleration of the slider is also obtained. The comments 
which follow are suggestions and not criticisms of the paper. 

The terms “four-link mechanisms,” ‘four-bar mechanisms,” 
piteh of and “four-bar linkages’ have the same meaning throughout the 


|/ riven gear paper. Would it be desirable to standardize some of the terms 
o” 


R \ we use in “Mechanism? 
ow The notation could be improved. Why use v for the angular 
; velocity ratio? At one point v is used as “the angular velocity of 
13 DispLacements tn Noncrrcuar Gears the follower,” and vp is used to represent the linear-velocity ratio. 
Referring to Fig. 1, O, O’, O” are upper case in the text but lower 
‘ie a small increment of time At, there is a displacement Az = _©8¢ in the vector diagram in Fig. 1. The letter O, in Fig. 5, is 
rw, At of the pitch curves, and a corresponding increment Ar = _UPPer case throughout. In Fig. 5, a is used for the length of the 
Ar tan 8 of the pitch radii r and R. Originally the angular Tk but ia Fig. 9, r is used for the length of the crank. Also, in 
velocity of the driven gear is w: = (r/R)w,. After the time in- Fig. 5, b is the length of the connecting rod whereas in Fig. 9, c is 
used. A consistent notation would cause the paper to be more 

easily understood. 
r+r me yi ae She It was hoped that the author’s Theorem 1 would give a quick 
0% solution to the old problem of finding the maximum angular 
The velocity increment of the gear is Aw = ws — ws. mechanism when the speed of the driving crank is known. Since 
— substitutions and dividing by At easily yields the the location of O when O-P is perpendicular to the connecting link 
B-C is not definite, the method cannot be used in obtaining an 


accurate value. 
Rochester, N.Y. Fellow ASME. 
“A Brief Account of Modern Kinematics,"’ by A. E. R. de de Jonge, 5 Professor, Department of Mechanical Engineering, ren al 
Sink: ASME, vol. 65, 1943, discussion on p. 680. ee! Texas, Austin, Texas. Fellow ASME. 
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Appendix. 


In the determination of the aagular acceleration of the follower 

_ (Theorem 3) the angle \ must be measured very accurately and, 

as stated, the method becomes unreliable when angle \ approaches 
zero. 

The application to the slider-crank mechanism is interesting. 
The curves of Figs. 10 and 11 should be useful. The solution of 
Equations [22] to [26] would be rather laborious for simple prob- 

lems. 

Theorem 1 is certainly a valuable tool in analyzing the four- 
bar mechanism. Again, let me compliment the author. 


Rosenaver.* The author is a notable representative of the 
family of kinematicians in the United States and is to be con- 
- gratulated on this ingenious contribution to the science of kine- 
~ maties. One could imagine that the last word in the investigation 
of the properties of the “collineation axis,” established by Bobil- 

— lier, has already been said, but the author has found an addi- 
: - tional interesting property expressed in his Theorem I. Due 

tribute must also be paid to Prof. A. 8. Hall for its proof given in 
All derivations in the paper are simple, straight- 
forward and have, without any doubt, practical value since they 

are easily applicable. 
The writer, personally, had the opportunity of checking some 

3 results of one of his latest papers No. 746 under the title ““Applica- 

tion of Complex Variables to the Synthesis of Four-Bar Linkages 
Prescried Extreme Values of the Output Angular Velocities,”’ 

_ which has been accepted for publication in the Journal of Applied 
Mechanics. The author’s criterion (Theorem 1) works per- 

feetly. 

7e The derivation of the angular acceleration of the follower link 

as shown in Fig. 5, although not so simple, is very interesting, being 
connected with the direction of the collineation axis. This shows 
aa again the importance of the collineation axis and another prac- 
tical application of it. 
Fig. 7 shows a useful method for the determination of the direc- 
tion of the collineation axis. In Fig. 5 it would be useful to repeat 

- the notations of link AB:a and of link ('D:c since these notations 

_ appear in the derivation of Theorem 3. 

In connection with the slider-crank mechanism, the writer had 
x again an opportunity to check some results obtained in a paper 
under the title “Application of Complex Variables to the Synthesis 
of Quick-Return Slider-Crank Mechanisms,” which he is prepar- 
ing for publication. Again, the author’s criterion works per- 
fectly, the only inconvenience in the case is that the collineation 
axis falls completely outside the drawing. 

_ Finishing the discussion, the writer suggests the author apply 
= P his theory to the solution of the problem of designing a four-bar 
linkage with prescribed extreme values of the output angular 


velocity. 


The remarks of Mr. Candee concern the well-known relations 
between the kinematics of linkages and those of gearing. The 
type of derivation suitable for inclusion in a paper depends not 
- only upon whether it is primarily geometrical, analytical, ele- 
_ mentary, or advanced, but is influenced also by considerations 
pertaining to a unified and logical development and presenta- 


AvtTHor’s CLOSURE 


6 Doctor of Engineering, New South Wales University of Tech- 
nology, Sydney, NSW, Australia. 
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tion. The derivation of Theorem 1 in Mr. Candee’s discussion, 
as well as others, both geometrical and analytical, have been in- 
tuitively clear to the author and probably also to others at the 
time this investigation was conducted, which time ended in the 
spring of 1954. The works referred to in footnote 4 in Mr. 
Candee’s discussion deal with gearing rather than with linkages. 
In connection with other investigations of velocities, the author 
would like to refer Mr. Candee to the introduction of this paper. 

The derivation of Theorem 3 given by Mr. Candee is valuable 
and demonstrates clearly the connection between noncircular 
gearing and the equivalent four-bar linkage. In this connection, 
the author would like to state his admiration of, and respect for, 
Mr. Candee’s expert knowledge of the kinematics of gearing and 
gear generation. 

The comments of Professor Doughtie (whose text on mecha- 
nisms is well known), concerning nomenclature and notation, are 
well taken and appreciated. The terms “four-link mechanisms,” 
“four-bar mechanisms,” and “four-bar linkages’ should indeed 
not have been used interchangeably. These are but one instance 
of terms in kinematics which are not properly defined, used, and 
understood. This of course in no way excuses their usage in this 
paper. 

At the 1953 Annual Meeting of the Society a suggestion was 
made to standardize terminology in kinematics by Mr. A. E. R. 
de Jonge,’ and it is believed that such standardization would 
form a suitable subject matter for an ASME-sponsored project. 

It is true that the symbol v for angular-velocity ratio is not 
ideal. What other symbol would be better and would not lead 
to confusion with the symbol for the angular velocity of a crank? 
The author hopes to better his record in terminology and notation 
in future work, and regrets that the observations of Professor 
Doughtie and Dr. Rosenauer could not conveniently be incor- 
porated into the paper at this late date. 

The application of Theorem 1 to the nonparallel equal crank 
linkage does, it is true, lead to an indefinite position of O. Be- 
cause of symmetry, however, it can be seen that as the links ap- 
proach the in-line position, line O-P becomes vertical and sym- 
metrical relative to the linkage, so that in the limit point O is 
halfway between B and D. This leads to a maximum value of 
v equal to (AD + AB)/(AD — AB) as can be derived also 
from the treatment involving equivalent elliptical gearing.* 

It was with considerable satisfaction that the author learned 
of the verification of some of the results by Dr. Rosenauer, one of 
the leading authorities in the field of kinematics. Some of Dr. 
Rosenauer’s work in complex variables can now be studied in the 
English language® and it is to be hoped that the investigations 
concerning extreme values of the velocities will soon become 
available in the English language likewise. The author agrees 
with Dr. Rosenauer’s comments regarding notation and intends 
to follow up Dr. Rosenauer’s suggestion to apply the theory to 
the problem of designing a four-bar mechanism with prescribed 
extreme values of the output angular velocity. 


7™“An Analytical Approach to the Design of Four-Link Mecha- 
nisms,’’ by F. Freudenstein, Trans. ASME, vol. 76, 1954, p. 492. 

8 **Elements of Mechanisms,” by V. L. Doughtie and W. H. James, 
John Wiley & Sons, Inc., New York, N. Y., 1954, pp. 124-125. 

* “Complex Variable Method for Synthesis of Four-Bar anges gl 
by N. Rosenauer, Australian Journal of Applied Science, vol. 
December, 1954, pp. 305-308. 
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Block Brake With Floating 


nchor 


By M. F. SPOTTS,! 


It is beneficial for a brake or clutch with an internal shoe 
to be self-aligning and thereby affected in the least possible 
manner by an eccentricity of the drum or other dimen- 
sional variations in the parts of the assembly. This is 
achieved by connecting one end of the shoe to a floating 
link. In addition, the proportions should be arranged so 
as to cause the wear to be distributed as evenly as possible 
for all points of the lining. These desirable qualities can be 
achieved by means of the simple design equation pre- 


sented here. 


INTRODUCTION 


HE theory of the long-shoe block brake must necessarily 
‘a account of the variation in pressure at different points 

along the shoe. Observing this requirement Huck (1)? was 
able to derive equations for the relationship between the force re- 
quired to actuate the brake and the distribution of pressure along 
the lining. Additional theories have been presented by Waller 
(2), Lindemann (3), Loewenberg (4), and Acres (5). The 
present problem, when the shoe is supported by a floating link, was 
first solved by von Mehren (6) who pointed out the advantages 
of this type of brake. In the paper, use is made of the symmetry of 
the force system on the lining to effect a simplification in the 
design equations. A series of force polygons for a typical brake 
are then presented which will show how the proportions of a design 
should be arranged for achieving the desired operating character- 
istics. 


DEVELOPMENT OF EQuaATIONS 


Fig. 1 shows the shoe AC of an internal brake of radius r with 
end A mounted in the floating link AB. The link is inclined at 
<nele y, and the pin at B is rigidly attached to the foundation. 
‘The shoe encompasses an angle of 90 deg plus two angles a lo- 
cated on either side of the 90-deg angle. 

In making the force analysis, it is assumed that all parts of the 
assembly are rigid except the lining which follows Hooke’s law. 

Fig. 2(a) shows the force system for the shoe. Reaction R at A 
is inclined at angle y. Actuating force P is given the proper mag- 
nitude and direction 8 to cause the normal forces on the lining to 
be disposed symmetrically about the center line OD. Such a force 
system causes identical elongations € in the lining for points H and 
H,, say, as determined by angle 0. 

Wear of the lining also is disposed symmetrically about OD and 
the greatest possible utilization of the friction material is ob- 
tained. 


1 Professor of Mechanical Engineering, Northwestern University. 
Mem. ASME. 

? Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Machine Design Division, and presented at the 
Diamond Jubilee Semi-Annual Meeting, Boston, Mass., June 19-23, 
1955, of Tae American Society or MecHanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, March 8, 
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From Fig. 2(b), elongation ¢, in the radial direction, normal to 
the lining is equal to 


En 


When this equation is multiplied by the modulus of elasticity EZ, 
the left side Ze, is equal to the normal pressure p, 


Equation [2] is valid for point D where p, becomes the maximum 
pressure Pmax and @= 0. Then pmax is equal to Ze and when this 
is substituted into Equation [2], the following equation for the 
distribution of pressure results 


An elemental area dA of the lining is equal to br d0, where b is 
the width of the lining. Let dF, represent the normal force acting 
on this area. Then 


= p,dA = br pmax cos 6 d0 
The friction force acting on the element of area is 
udF,, = pu br pmax cos 8 dé 


where x is the coefficient of friction. 


The torque 7 of the friction forces about the center of the drum 
O is given by 
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LoapInG on SHOE 


= V 2 br? pmax (cos @ + sin a@) 


_ The components of dF, parallel to OD can be integrated over 
the surface of the shoe to give the resultant force N shown in 
«Fig. 2(c). Thus 


+a 


cos 6 dF, = 2 br pinax 


cos? 6 d@ 


Com- 


a) ; The components of dF,, perpendicular to OD add to zero. 
ponents of u dF, parallel to OD also add to zero. The components 
of uw dF, perpendicular to OD can be integrated over the surface of 

- the shoe to give the resultant force S shown in Fig. 2(c). Thus 


4 
0 


Force S acts at the center of gravity of all the components of 
perpendicular to OD. Let this distance be called 7. 
pane rig 
ur cos dF, cos 
cos? 


pcos OdF, =yuN...........[8] 


Then uN? = 


+a 
= Qur f, 
cos® 6 dé 


RAT 


ob 
op 


(b) 


Attention is turned to the couples acting on the shoe. Newel 


forces dF,, produce no couples. The components of yu dF, parallel 
to OD, when integrated over the shoe, will give the moment Q of 


Fig. 2(c). 


Thus 


+a 


rp sin? 6 dF, 


2 
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sin? 6 cos 6 d@ 


br* 


3V2 


(1 + sin 2a) 


(cos + sin a@)(1 + sin 2a) 


Components of wu dF, perpendicular to OD produce no couples. 
From the foregoing equations, the following relationship can be 
proved 
T = 
The magnitude of reaction R can be found by taking moments 


about point C. To do this it is necessary to know the distance m 
in Fig. 3. Distance e is first found by application of the cosine 


theorem 


e = Va? + ct + 2ac sin @ 


_ Angie ¥ can be found from the following equation 


_ Length m is then given by 
m = e cos (y — 


The moment equation about C is now written and can be used used for 


cy 
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SPOTTS—LONG-SHOE BIO: BRAKE WITH FLOATING ANCHOR 
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ANN _ After the magnitude of force 2 has been found from Equation 
[15] a force polygon is made, and the direction and magnitude of 
force P found therefrom as shown in Fig. 4. The direction and 
magnitude of P can also be found from the following equations 


R cosy)? + (R sin y — [16] 
R sin ¥ 
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N 
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polygon appears as in Fig. 6(a). 


SPOTTS—LONG-SHOE BLOCK BRAKE WITH FLOATING ANCHOR _ 


Since the length of link AB does not enter into the calculations, 
_ it is a good plan to make it as long as possible so that the wear of 
- the liniog will have the least effect on the value of angle ‘. 
_ The friction forces help to apply the shoe to the drum and thus 
reduce the magnitude of the external force P. However, the 
proportions of the brake must not be such that there is danger of 
_ the shoe becoming self-locking during normal usage. The normal 
operating characteristics of this type of brake can be illustrated 
best by numerical examples, 


NUMERICAL EXAMPLES 


; Example 1. Find direction and magnitude of operating force 
_ P for a = 15 deg, a = 0.5r, and c = 0.8r. 
Applicatien of the foregoing equations gives the values shown 
_ in Fig. 5(a) for the nondimensional ratios N/brpmax and R/brpmax 
when ¥ is taken as 16 deg. The figure is composite and shows re- 
sults for values of the coefficient of friction from up = 0.1 to uw = 
0.6, inclusive. Values for actuating force factor P/brpmax are 
i found as the closing line of the respective force polygon. 

Fig. 5(b) shows the various values of P/brpmax plotted as a ray 
diagram from a common origin. This diagram illustrates the 
_ manner in which the force factor varies in both magnitude and 

_ direction with changes in the coefficient of friction z. A minimum 
~ value, Pmin/brpmax, is obtained for wu equal to about 0.34. For 
_ both larger and smaller values of u a greater force is required to 
operate the brake. 

When 7¥ is taken as 20 deg, with other data unchanged, the ray 
The value of the minimum 

actuating force is reduced. 

For y equal to 24 deg, the value of Pmio/brpmax is approxi- 
mately zero so there would be danger of the brake locking should 
the coefficient of friction, for any reason, change to about 0.44. 

For y = 28 deg, the forces for various values of uw are as shown 
in Fig. 6(6). 

Example 2. Same data as for Example 1, namely, a = 15 deg, 
c = 0.8r, except a = 0.65r. 

For y = 20 deg, y = 24 deg, and y = 28 deg, the force systems 
for P/brpmex are as shown in Figs. 6(c), (d), and (e), respec- 
tively. For y = 32 deg the value for Pmio/brpmax is very close 

zero. 

Erample 8. Same data as for Example 1, namely, a = 15 deg, 
c = 0.8r, except a = 0.8r. 

For y = 20 deg, y = 24 deg, y = 28 deg, and y = 32 deg the 
force systems for P/brpmax are as shown in Fig. 6(f), (g), (h), and 
(7), respectively. 


CONCLUSIONS 


____ Examination of the foregoing figures leads to the following con- 
 ¢lusions: 
1 Direction 8 of actuating force P is a function of the co- 
efficient of friction u. It is highly desirable that the lining ma- 
terial have a constant value for u, under all operating conditions, 
_ in order to retain the validity of the results found by the foregoing 
design equations. 
2 Value for Pmia is reduced by use of a smaller value for a. 
3 It is possible to find combinations of the constants such 
that Pui» will be zero. The dimensions should be chosen so that 
- Pain cannot vanish should there be an increase in the value of the 


A coefficient of friction during operation. 


When force P becomes zero, force polygon, Fig. 4, consists only 
of N, uN, and R. The corresponding coefficient of friction wu’ and 
inclination y’ of link AB have the following relationship 


p’ = tan y’....... 


244%, 


aN ty’) = V2T 


This equation applies only to a self-locking brake. 
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Discussion 


G. A. G. Fazexas.* This paper shows a rigorous analysis of 
forces acting upon a brake shoe that has two degrees of freedom 
of movement, but is restricted to the case when the pressure pat- 
tern is symmetrical with respect to the bisector of the lining arc. 
Essentially, the method amounts to finding the locus, direction, 
and magnitude of the shoe-tip load P, with all other factors re- 
maining constant. 

Once the position of P is determined, however, it does not seem 
possible to use the same technique for finding out how rapidly the 
torque or wear pattern would vary consequent upon some change 
in friction For if deviates from its nominal value upon which 
the analysis was based—as is inevitable with present friction ma- 
terials—automatically, the wear pattern ceases to be symmetrical 
and the present analysis is no longer applicable. 

To come to details of the paper, the proof given for the pressure 
pattern is based upon postulating explicitly that all components 
of the brake are infinitely rigid, except the lining material which 
in turn obeys Hooke’s law. Tacitly, it is further supposed, how- 
ever, that the lining thickness is uniform and this is true for virgin 
linings only. Since roughly (pressure) < (wear), after some use 
the lining thickness will be no longer constant, and the pres- 
sure pattern should change too correspondingly. Fortunately, 
though, of the various brake components, lining materials are 
about the most rigid ones. This explains why variation of lining 
thickness has comparatively little effect on pressure pattern as 
deduced from measurements of wear. Wear measurements 
suggest too that in most instances the sinusoidal pressure pattern 
is, nevertheless, reasonably approximated, and may be used there- 
fore for purposes of analysis. 

It should be noted that Equation [11] can be rewritten a: as 


T = = SL 


sin @ 
L = 4r — 
2a + sin 2a 


2a = lining are 


This enables one to carry out the graphical construction shown in 
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Fig. 7 from which forees on the shoe and brake torque may be terial seems to be available commercially. Even atmospheric 

“obtaine d to any desired degree of accuracy. conditions alone can induce what is referred to as the ‘‘morning 

sickness’ of brakes. This is particularly severe with some 

ye highly self-energized brakes—having small a or its equivalent. 

“a In practice, it is this very susceptibility to changes of yu that sets 
; ndirectly a limit to P. 


The author is grateful for the pertinent comments of Professor 


‘ Fazekas. 
His method of graphical analysis constitutes an alternative 
geetantel | sbeduioan 4 approach to the problem. His force designated S is the resultant 
' ae > aay of the author’s forces N and S. Shifting (author’s) S to location 
A Sa) ate Lot a L has the effect of eliminating moment Q from the computations. 
wT Opes Te Thus 


Q = SL 


¢ 


i. j It would be highly desirable indeed if 4 would remain constant, That this is an identity is shown by substituting 7'/S for L and 
aM as concluded by the author. Unfortunately, as yet, no such ma- the value of # from Equation [9]. 
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Radial and Swinging-F Cas 


By MARTIN KLOOMOK! ann R. V. MUFFLEY? 


An exact expression is derived for the radius of curvature 
of disk cams with either radial or swinging followers. 
_ Several charts are included which illustrate a quick 
method for arriving at a solution for a particular ¢ cam 

contour, such as the harmonic. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


c = distance from cam center to follower-arm pivot, in. 

h total output displacement, in. 

l length of follower arm, in. 

L lift (i.e., radial displacement of the follower center), in. 

p radius of curvature of the follower center path at any 
point, in, 

minimum radius of curvature of follower center path over 
complete event, in. 

radius ef curvature of cam surface (usually the minimum 
value) in. 

radius of cam follower roller, in. 

radius measured from camshaft center to follower roller 
center, in. 

radius from camshaft center to follower roller center at 
start of event, in. 

displacement of output at any point, in. 

total angular rotation of cam for a complete event _ 

angular rotation of follower arm 

angle between / and c 

angular rotation of cam measured from a space fixed 
reference 

angle between / and R 

angular rotation of cam measured from a line joining the 
follower roller and cam centers 

angle between FR and ¢ 

total angular displacement of follower arm during com- 
plete event 

All angles are in radians 


ay? 


INTRODUCTION 


The principal object of this paper is the computation of the 
‘line of curvature of disk eams—in particular, the computation 
of minimum radius of curvature. This geometric property is 


significant for two purposes: 


x. 
5 The meaning of undercut will be evident in sie. following dis- 
cussion in which the geometric problem is defined. 
1Manager, Scientific Computation Laboratory, 
ie. ie Business Machines Corporation, Endicott, N. Y. 
4 2 Staff Engineer, International Business Machines Corporation, 
Engineering Laboratory, San Jose, Calif. Assoc. Mem. ASME. 
Contributed by the Machine Design Division and presented at the 

- Diamond Jubilee Semi-Annual Meeting, Boston, Mass., June 19-23, 

2 1955, of Tue American Socrery or MecHanicat ENGINEERS. 

. Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
4 the Society. Manuscript received at ASME Headquarters, March 16, 

Paper No. 55—SA-29. 


A determination of “‘undercut.”’ 
A determination of surface stress. 


International 


The distance R from the cam center to the follower center is the 
dimension commonly used in the design and manufacture of 
cams, rather than the distance from the cam center to the cam 
surface. Therefore it has been found more convenient first to 
trace the follower and determine the radius of curvature of the 
follower center path. Then for a roller follower of any diameter, 
the radius of curvature of the cam surface may be obtained in the 
following way: In Fig. 1, let r, be radius of follower, p be radius 


FOLLOWER CENTER PATH 


Fic. 1 Generat Cast Reration or Rapivus or 
CURVATURE OF CAM ge, TO Raprus or CURVATURE OF 
Center Pats p, AND Fottower Rapivs 


FOLLOWER CENTER PATH 


FOLLOWER CENTER PATH 
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CAM SURFACE 


>Pmin (UNDERCUT) DESIRED 


Fic. 2 Errect on Cam Prortie or Increastne Fottower Rotter 
Raprus Waite Fottower Center Pats Remains Constant 


of curvature of follower center path at any point C, p, be 
radius of curvature of cam surface at A, point of contact of 
follower. Evidently both p and p, have the same instant center 
and therefore 


With p constant, it may be seen in Fig. 2 that as the follower 
radius r, is increased, the radius of curvature p, of the cam surface 
becomes successively smaller. When r, is equal to p, then p, is 
equal to zero; i.e., the cam surface comes to a point. As the fol- 
lower radius is increased further, the cam is undercut. That is to 
say, successive arcs “cut under” previously determined portions of 
the cam surface and reduce the lift from the value desired. 

Accordingly, to prevent undercut, r; pmin, where is the 
minimum value of p over the particular segment of the profile 
being considered. If there are a number of separate and distinct 
motion curves disposed around the cam, each case must be 
checked separately because only one segment can be repre- 


sented by one continuous function. 


Ne 
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ROTATION AXIS OF ROTATION 


4 Tue Generat Case: Tue ANGLE or Cam Rotation ¢ AND 
a THE FoLLower Position R 


In all of the following discussion, the significant radii of curva- 
ture are those associated with convex portions of the cam surface. 
Concave portions are not of interest because it is geometrically 
impossible to undercut a concave portion, as seen in Fig. 3, and 
because contact stresses for a given normal force Qe always 


Tue GENERAL PROBLEM 


The follower center path, as it is obtained in cam a 


and as it ultimately appears in the detail drawing of the cam, is 


(Fig. 4). 


cam. 


_ ordinarily a curve described in polar co-ordinates, R versus ¢ 
R is defined as before; @ is the angular rotation of the 
cam measured from a line joining the follower and cam centers. 

For the particular segment under consideration, it is assumed 
that a functional relationship exists between R and ¢, R = G(@) 
_and, further, that the first two derivatives are continuous 
dR @R 
—— 
As shown in many calculus texts, the radius of curvature of 
- curve so described is given by 


aR 
{1G(p)]* + 
[G(p)]* + — 
Usually a cam-design problem begins with some prescribed 
functional relationship(s) between output displacement and time 
(i.e., a timing diagram). Since most cams are driven at constant 


angular velocity, the time function is readily converted to a rela- 
tionship between output displacement and angular rotation of the 


= and 


Output displacement can be either rotational or translational. 


bed 
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Fic. 6 Rapius or Curvature GEOMETRY FOR THE Spectric Case 
or A Raptat Cam Fottower. L Is Seen Equat toh 


The particular form of the displacement-time relationship de- 
pends upon both functional requirements and inertia considera- 
tions. 

One common curve is simple harmonic motion 


2 
dy th $) 
wh 6 


d@2 

where @ is the rotation of the cam from a space fixed reference, h 
is the total displacement of the output, and £ is the total rotation 
of the cam corresponding toh. These relationships are indicated 
in Fig. 5. 

Another frequently used motion curve is the so-called “cy- 
cloidal”’ 


Derivations follow for specific follower systems. 


Raprus or Curvarure IN A Rapia Fottowsr System 
Consider first the simplest situation, the radial follower, in 
which the line of action of the follower coincides with a radial line 
through the cam center, Fig. 6. 
Obviously, in this case, L = h, where L is the total displace- 


ment at the cam surface, i.e., the lift or “rise.” Consequently 


+y = Ro + F(O) = 
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In addition to the parameters (6, 8, @, R, and p) used in a 
radial follower system, there are the following: c, 1, y, 6, €, 7, and 
yw. These are defined in the Nomenclature. 

Specific equations for the angular motion of the follower arm 

SE corresponding to Equations [3] through [8], respectively, are as 
follows: 


Harmonic motion 
att 


NSD 
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dR Was yar ( ) = 


6 
= F"(6) = f"(0) (: — cos 2x F,'(8) 


_where Rp is the radius to the follower center when 6 = 0 (i.e., the 
minimum or “base” radius). 

_ Since there is no rotation of the follower about the cam center, : 4 ; ; ; Sa 
ee ¢ may be taken equal to @. Therefore: G(@) = (6), G'(¢) = Returning to Fig. 9, the relationship between FR and y is trig- 
and = f"(0). From the initial data (1, c, Ro) 

Substituting f(@), f’(0), and f’(@), for the particular motion + — Ry? 
curve in the general Equation [2] 5, = cos™! 
+ 
_ Equation [12] can be evaluated for a particular motion curve 
) _ by substituting the appropriate expressions for f(@), f’(@), and As the follower swings up, the ray from the cam center to the 
os _f"(8), such as Equations [3], [4], and [5], or Equations [6], [7], follower center must shift slightly. Hence @ ~ 6. In deriving 

and [8]. Differentiation of the resultant expressions to obtain the relationship between @ and @, reference is made to Fig. 10. 

4 ‘minima yields unmanageable transcendental equations; therefore _In this figure the follower pivot has been shifted relative to the 
the problem was attacked with a high-speed computing machine, cam for purposes of illustration. Actually, the follower pivot is 
the IBM Model IT Card-Programmed Calculator. Using a given fixed. For Case 1 
of parameters (8 and L/R») and a given motion curve, the G+ 
value of p/R, was calculated corresponding to each value of 6 from 
3 i, zero to 8. This was done for an entire series of curves, and the For Case 2 
f sf! resultant minima have been plotted as a function of B, see Figs. 7 


Cycloidal motion 


+ — 2le cos )'/* 


The relationship between @ and @ is seen to depend upon the 
Rapivus or CurvaTure IN A SwinGine System relative position and rotation of the cam-and-follower system. 
Poa, This system is identified with Fig. 9. The essential feature is Consequently, the case of rotation away from pivot (Case 1) must 
_ follower rotation about some center B through an angle yy, the _ be carefully distinguished from rotation toward pivot (Case 2). 
ate “output displacement.” Rotation Away From Pivot. This is the situation in Fig. 10, 


18 
Ab 


Swincinc FoLttower SHown WitH Rotation TO AND 
From tHe Pryor 


Case 1, where the portion of the cam surface in contact with the 
roller moves “away” from the pivot B. The definition is not 
limited, of course, to the specific arrangement pictured in Case 1, 
but holds for any situation in which the relative motion of the 
cam is away from the pivot. 

Rotation Toward Pivot. This is the situation in Fig. 10, Case 2, 
where the portion of the cam surface in contact with the roller 
moves “‘toward”’ the pivot B. Again, this definition includes any 
situation which maintains the relative position of the parts, for 
example, the situation which can be imagined by viewing the 
Case 2 sketch from the rear. Equation [23] applies to Case 2: 

and can be computed from the I, c, Ro, and ¢, R triangle, 


espectively 


2Roc 


Therefore, since W is a function of R, and R is a function of 8, 
= 

Since ultimately it will be necessary to substitute R, (dR)/(d@), 
and (d???)/(d@?) in Equation [2] for p, and since RP has been given 

the next step is to determine (di?) (49) 
2 dR 
do 
= 

do 


g'(9) 


First, for f’(@), from Equation [21] : 
R? = |? + c? — 2le cos 6 
which by differentiation with respect to @ yields 


dR 


q'(9) 4 toward pivot)... [31] 


dy 


ay 


aR dy 
dR =f) 
sin 


Finally, to determine (d*R)/(d@*) 


ae 4 [a 
Furthermore, since 


@R 
dg? 


Both f’(@) and g’(@) have been evaluated previously. 
termine f"(@) 


To de- 


@R 


By substitution of Equations [28] and [29] this becomes 
Y 


d 
(le sin 6) (4 + + (le 


2 
3) 
R 


f"(0) = [37] 


Equations [30] and with respect to 


dty 


rT (rotation away from pivot).. 


(rotation toward pivot). ..... [39] 


d? 
To evaluate 
dy dR dR 
> dR 


ay 
dé 


dy 


dy aR 
\dR dé? 


at 


+ [f'(9)) E ( [40] 


)+( 


4 
ree 
] 
7 | 
d*y dy dé dy aR 
os Rie | sin 6 —— +— cos 6 le sin 6 - 
( de? d0 dé 
[36] 
, 
' db 1 
Theref (0) = sind 29] 
S oe By differentiation of Equations [22] and [23] with respect t« 
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Fie. 13 Raprat Cam 
System A IN 
Text 


ROTATION 
Follower radius r; = 0.1875 in. 
Maximum radius to follower center, Rmax = 1.250 in. 
Rise of cam L = 0.200 in. 
Total cam angle 8 = 20 deg. 
Motion curve be cycloidal. 
Then Ryo = Rasx — L = 1.250 — 0.200 = 1.050 in., and 
L 0.200 
Ry 1.050 
Find in Fig. 7, for L/Ry = 0.19 and B = 20 deg 
Pmin 


= 0.19 


= 0.16 


Pmin = (0.16)(Ro) = (0.16)(1.050) = 0.17 in, 
and 
Pe = — 7, = 0.17 —0.19 = (—0.02) in. 
This cam would be undercut because r, > pmin and p, is nega- 
tive. 
Try a larger value of maximum radius, Rmax = 1.500 in. 


Ro = 1.500 — 0.200 = 1.300 in. 


Ro | it ete 


and 
0.200 
~ 1.300 
= 0.155 and B = 20 deg 
Pmin 
0 


= 0.155 


= 0.17 


iB 
mi 


pmin = (0.17)(Ry) = (0.17)(1.300) = 0.22 in. 


Then 


af 


4R*c? sin? y 


[—R? sin ][f’(0)] — [e? — R? — [2] [2 cos + sin wo) | 


wud 


sin? y 


Therefore (d?R)/(d@?) can now be computed and by substitution in 
Equation [2] the radius of curvature p can be found (for given I, 
Ro, c, B, 7, type of motion curve, direction of rotation), at any 
point 6/8. 

Minimum values for p/R»y have been calculated on the IBM 
Model II Card-Programmed Calculator. Representative charts 
plotted for the cycloidal-motion curve are presented in Figs. 11 
and 12. If the minimum radius of curvature obtained from the 
chart is greater than the base radius, the base radius is the major 
consideration in the design. 


NuMBRICAL EXAMPLES 


; # (A) Radial Follower. For the mechanism shown in Fig. 13, let 


This cam would not be undercut, but, if practical, it would a 
desirable to reduce the follower-roller diameter heen 0.375 to 
0.250 in. Then ry = 0.125 and p, = 0.22 — 0.12 = 0.10 in., a 
better situation from the surface-stress point of view. 

(B) Swinging Follower. For the mechanism shown in Fig. 14, 

Follower radius 0.375 in. Bi pe 

TotalcamangleB = 40deg 

Total swing of arm = 10 deg 

Minimum radius to follower center Ry = 1.250in. 

Length of followerarm/] = 1.500in 


and Pe = Pmin — rr = 0.22 — 0.19 = 0.03 in. 


| 


pange 2, 10, or 30 deg. However, the procedure is the same. 


er _ from point A to point Z. The location of E must be computed or 
laid out according to the swing of the follower arm; this gives a 


aff od 


Fic. 14 
Cam System ILLUSTRATING 
AMPLE B 


Ex- 


ROTATION 


Distance from cam center to arm-pivot center, c = 2.00 in. 
The rotation be as shown in the sketch. 
The motion curve be cycloidal. 


Then men bo 


B _ deg 
10 deg 


NMG 


TABLE 1 INTERPOLATION FOR Pmin/Re 


FROM CHART INTERPOLATION 
Pmi 
First (£) Second 
Ro Ro 


1. 
2. 


- (0.52 -0.35)=0.49 


Pmin 6 
0.35 + 
R 1.00 


*Sample interpolation: 
1.75 - 


= (0.41)(Ro) = (0.41)(1. 250) = 0.51 inches 


Therefore, Prin 


_ It will be necessary to make a double interpolation for pmin/Ro, as 
shown in Table 1. Chart values are obtained from Figs. 11 and 


2. 


As before 


In most problems a third interpolation must be used when the 
value of r does not correspond to one of the three charted values, 


= 0.51 — 0.38 = 0.13 in. 


In problems where curves are matched with other curves or 
with straight lines, the parameters are modified before using the 
charts. As seen in Fig. 15, the start of the cam is re-established 


new value of R,’ to use with the new values of B’ and 7’ in obtain- 


5 ing points from the charts. 


The determination of minimum radius of curvature for the 


am ht ‘fall’ of the cam proceeds precisely as it would for the “rise” of 
_ the cam with one exception: 


the direction of rotation is taken 
opposite to that which exists in the problem under consideration. 
Attention should be called to the fact that undercut can be a 
problem with sliding-type followers, as well as with roller followers. 
The analytical procedure just described for roller followers can be 
used for a sliding-type follower with a convex surface: 
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AB-HALF CYCLOID 

BC -CONSTANT VELOCITY 
CO- HALF HARMONIC 

DE -FULL HARMONIC 


Fie. 15 Cam Prorite Comprntne Severat Curve Sections 


It should be emphasized that (a) the charts represent a number 
of solutions of the minimum radius and (6) the point at which this 
minimum exists is not specified. Location of the minimum is not 
difficult, however. When the minimum radius of curvature pai» 
is relatively small, it will tend to occur near the top of the cam 
ris€. Pmin can be accurately located by layout if it is desired to in- 
sert a hardened wear insert in the cam at this point. 

In a few cases no ‘“‘minimum’’ exists because the radius of curva- 
ture approaches the value Ry asymptotically. This condition is 
indicated on the charts by a constant value 


Pmin 


The charts have been prepared on the basis that the angular 
motion of the follower arm is one of two motion curves, harmonic 
or cycloidal. In certain cases the follower arm drives additional 
linkage and parts and harmonic (or cycloidal) motion is re- 
quired in these parts, not in the follower arm. For the majority 
of such cases, the distortion introduced by the linkage is not 
great, however, and the assumption that the follower arm is 
traveling harmonically (or cycloidally) is a reasonable approxi- 
mation. 

The use of radius of curvature in ascertaining undercut has been 
shown. The radius of curvature of the cam surface is also useful 
for computation of contact stress by means of Hertz’ equation 
for two cylinders in contact. 


CONCLUSIONS 


An exact derivation has been given for radius of curvature of a 
cam-follower path. The equations are applicable to any motion 
curve, but the labor of computation suggests evaluation by 
means of a high-speed computing machine, such as the IBM 
Card-Programmed Calculator. The resulting data for harmonic, 
eycloidal, or other motion curves is then graphed to facilitate use 
in design, as indicated in the paper. 

The graphs speed up the process of calculation to the point 
where it is possible to experiment with small changes in the 
parameters and thereby avoid serious difficulties in radius of 
curvature early in the design, before the cam has been detailed or 
calculated. 
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M. L. Baxrer, Jr.‘ The two papers under discussion are 
particularly significant since they illustrate a trend which is likely 
to continue and to have a marked effect on engineering and 
_ scientific advance. This is the trend toward the use of high-speed 
aaa equipment to tabulate in advance critical and com- 
- _ plex design data so as to reduce the engineering man-hours re- 
as quired on a job. 
The authors are to be commended for furnishing machine de- 
_ signers with tables for cam pressure angles and curvatures, and 
particularly their maximum values. 

The increasing availability of high-speed computers carries 
with it some implications which we as engineers should consider. 
In the past, an equation or formula was not of much practical use 
_ unless it could be reduced in some way to yield direct explicit re- 

sults with a minimum of trial and error, and naturally considera- 
ble emphasis was placed on this phase of the derivation. In 
addition to reducing the labor of hand calculation, this procedure 
had the advantage of requiring that the problem be reduced to 
its real fundamentals, and the resulting equations were fre- 
quently of a much simpler form than might have been expected 
at the start of the problem. Then, furthermore, it was frequently 
possible to see by inspection the effect of changes in various 
parameters. 
We may naturally ask whether this sort of analytical refine- 
ment is justified in the light of the new computers, or is any sort 
: of solution satisfactory so long as it is right? Many of us would be 
sorry to see this attitude carried to extremes, not only because 
there will always be some hand calculation done, but, because we 

- feel it would represent a step backward. On the other band, there 

s no doubt that certain refinements in the derivation justifiably 
ean be omitted if the results are to be tabulated, no one will need 
to do it again, and there is plenty of spare computer capacity. 

_ The formulas derived in the papers under consideration repre- 

t sent the modern approach. They are correct, and the results have 
been tabulated or graphed. The writer would like, however, to 
compare these formulas with those presented before this Society 
in 1947, and referred to by the authors as reference (2). This 

- eomparison has been difficult, not only because of the difference in 
symbols, but because the authors have not listed their formulas 
ees for curvature in the order of use. Nevertheless, the writer has 
made this comparison, using the authors’ symbols throughout, 

- and the same starting data. 

The difference in length of formulas is so marked, particularly in 

the case of curvature, that one might suspect that both cannot be 
correct, or that they do a different job. Nevertheless, assurance is 

” ene that they are both correct, and that they give the same 
= numerical answer from the same given data. 

The difference can be attributed chiefly to point of view. At 
_ the time the writer’s paper appeared, it was clear that hand- 
computation methods would have to be used, so every effort was 

made to reduce to a simple form. Nevertheless, by the use of 

_ appropriate kinematic and geometrical principles as well as the 
principles of elementary calculus, the derivations are not very 
long. The authors, on the other hand, knowing the power of the 

_ electronic computer, have not felt it necessary to be seriously con- 

~ cerned with the length of formulas so long as they are correct. 
: The engineer will have to decide for himself what compromise 
between these views to adopt on his own problems. Certainly 

_ the advent of computers promises to make many advances possi- 

ble in the machine-design field which cannot be ignored. 


4 


8 This discussion applies to ASME Papers Nos. 55—SA-29 and 
55—SA-38, published in this issue, pp. 795-806. 
‘ Chief Research Engineer, The Gleason Works, Rochester, N. Y. 
ASME. 


_DETERMIN ATION OF RADIUS OF cu RVATU RE 


CoMPARISON OF MerHovs 


I Pressure ANGLE 


- Assuming that the following values are given or have been de- 
termined: 


B, 7, Ro, l, 6, R, and (d5)/(d0); then 
Kloomok and Mu flley 


+ R*— 
2Re 
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Il CuRVATURE 


Assuming that the vahaes are given or Gove been 
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B, Ro, l, c, 6, R, 
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Our congratulations are due Mr. Baxter for his prior deriva- 
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tion of exactly cuuluaiae equations for radius of curvature and 
pressure angle in a highly refined form. 

There is no need for Mr. Baxter to become alarmed. In high- 
speed computers even more so than in slide-rule or desk-caleu- 
lator computation, a premium is placed on efficient operation. 
It must be remembered that owing to the sequential character of 
digital computers, programming must be done in stepwise 
fashion, one term at a time. A reduction in the area occupied 
by the equations is not necessarily significant. Within this 
framework analytic refinement is definitely justified provided 
the cost of this refinement does not exceed the economy realized 
thereby. There are many problems presented to computers 
these days which, by this criterion, are borderline cases. 

At any rate a highly refined analytic solution is hardly suffi- 
cient for the harried engineer. What is of much more significance 
to him is a method for arriving at numerical values quickly and 
easily. ‘The trend toward the use of high-speed computation 
equipment to tabulate in advance critical and complex design 
data so as to reduce engineering man-hours required on a job,”’ 
which Mr. Baxter recognizes, is today indeed a reality. 


"6 This closure applies to ASME Papers Nos. 55—SA-29 and 55— 


SA-38. 

“ore 
te dost 


ts 


5 


au 


fe 
) » 
+ 5 


The maximum pressure angle i is required for an analysis 


of the forces existing in a cam system. In this paper an 
_ exact expression is derived for pressure angle in a swinging 
_ roller-follower cam system, and a chart is presented indi- 
cating a method for finding a quick numerical solution for 

particular cam contour, such as the harmonic or the 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A point of contact of roller with cam 

position of follower arm pivot 

distance from cam center to follower arm pivot, in. 

position of follower center 

external load on radial follower stem, lb 

length of follower arm, in. 

normal force on roller, Ib 

cam center 

radius measured from camshaft center to follower roller 
center, in. 

minimum radius at start of complete event, in. 

torque on swinging-follower arm, in-lb 

pressure angle at any point 

maximum pressure angle for event 


Ww 


angle between and c 
angle between / and R 
angular rotation of cam measured from a space fixed 
reference 
angle between normal to cam surface and the line OC’ 
total angular rotation of follower arm for a complete 
event 
angular rotation of cam measured from a line 
cam and follower roller centers ; 
W = angle betweencand R 
Yo = WwhenR = Ry 
All angles are in radians 


Ro 
T 
a 
B 
6 
€ 
6 


INTRODUCTION 


Of the several factors that determine the success of a cam sys- 
tem, one of the most important is pressure angle. Too high a 
pressure angle will cause high surface compressive loadings be- 
tween follower and cam, and the cam shaft drive torque will be 
considerably increased. Accordingly, the designer should know 
the maximum value of pressure angle in any new cam system. 

In the past, pressure angle has been determined largely by 
using a protractor on a layout of the cam. This practice becomes 

1 Manager, Scientific Computation Laboratory, International 
Business Machines Corporation, Endicott, N. Y. 

? Staff Engineer, Engineering Laboratory, International Business 
Machines Corporation, San Jose, Calif. Assoc. Mem. ASME. 

Contributed by the Machine Design Division and presented at the 
Diamond Jubilee Semi-Annual Meeting, Boston, Mass., June 19-23, 
1955, of Tae American Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their —— and not those of 
the Society. Manuscript received a March 
24,1955. Paper No. 55—SA-38. xo 


total angular rotation of cam for a complete event —_ 


very time-consuming, however, when it is necessary to 
series of layouts to arrive at optimum proportions. Advance 
calculation is to be preferred if it can be kept simple. 


SysTEM 


Calculation of the maximum pressure angle is not difficult in 
the case of the roller follower traveling radially in and out from 
the cam center. The derivation is well known and is repeated 
here only as a preliminary to the derivation for the swinging 
follower presented later. In Fig. 1 the pressure angle is defined as 
the angle included between the line of action of C, the roller- 


Fic. 1 Pressure-ANGLe Geomerry For Raprat CaM FOLLOWER 


follower center, and CA, the normal to the cam surface at A, the 
point of contact. In Fig. 1 the cam is actually rotating counter- 
clockwise, but for analytical purposes the cam is considered fixed, 
and the follower center is considered moving around it clockwise 
from position C to position C’, swinging though the small angle 
d@. Asd@is made smaller, CC’ becomes normal to N, and CE be- 
comes parallel to CD. Thus a’ equals a in the limit, and 


expression is readily evaluated for different motion curves, 
such as the harmonic or cycloidal, and solutions are to be found 
in the literature. 

With the pressure angle calculated, the normal load on the 
roller can be determined in terms of the pressure angle and the 
external load on the cam-follower stem. Neglecting friction for 
the purposes of the present discussion 


Swiname-Fouowan SysTem 


The pressure angle in a swinging-follower system is com- 
pletely analogous. Referring to Fig. 2, the pressure angle a is 
defined as the angle between CA, the normal to the curve at the 


Determination of Pressure Angles for J 
Swinging-Follower Cam Systems 
NOTE: EC'=dR IN LIMIT 
‘ 
J 
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Fic.2 Torque anp Normat Loap ror a Swineinc Cam FoLtower 

_ point of roller contact, and the normal to BC, the center line of 
the follower arm. Taking moments about B, the follower arm 
pivot, and neglecting friction, which is usually very small 


Fig. 3 is essentially an enlargement of Fig. 2. The cam in 
Fig. 3 is rotating counterclockwise, but for convenience the cam 
is considered at rest, and the follower arm pivot is rotated clock- 
wise a small angle d@ relative to the cam, to new position B’. 
Simultaneously, the follower roller center C moves through a 
small angle d@ to new position C’. 
__The angle A in Fig. 3 is analogous to the pressure angle @ in 
_ Fig. 1, and similarly, as dg approaches zero, \’ approaches A, and 
Fic. 4 Swincine Rotation From 
(a, from pivot; b, toward pivot.) 


Differentiating Equation [8] with respect to i 


The follower arm is assumed to have harmonic, cycloidal, or dy 
other prescribed angular motion with respect to the angular dR “2R% sin 
rotation of the cam, so that the angle 6 between / and c can be in aa ‘a 


computed as a function of 6. Knowing 6, the triangle OB’C’ in Collecting terms from Equations [4], [7], [10], [11], and 
Fig. 3 may be solved for R, ¢, and v [12] and substituting in Equation [5] 


R = VP + ct — Qle cos a= —sin™ 


= cos™! le sin 6 


2Re dé 


Referring to Fig. 4(a) i) coy Same Se Care must be taken to distinguish between rotation “away 
v y — 6) od! lo. ae from the follower arm pivot as in Figs. 3 and 4(a@), and rotation 
“toward” the pivot as in Fig. 4(b). Considering Fig. 3 with 


direction of rotation reversed 


e+ 


Referring to Fig. 4(b) 


J j 
4 
Pressure ANGLE GEoMETRY FoR ASwinGcinc CaMFoLLOwER 
| 
: 
Dy examination Of Fig. o the pressure angie May CXPPressed veal, a [11] 
| 
od ot om 
Differentiating Equation [9] with respect to R 
do dé dy rN [14] 
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Collecting terms from Equations [4], [7], [11], [12], and [16] 
and substituting in Equation [14] 


ite’ ai 
1 
2Re sin 


[17] 


le sin 6 40 


Equations [13] and [17] can be evaluated for a given motion 
of the follower arm by substituting the appropriate expression for 
6 and dé/d@. For example, if the motion of the follower arm is to 
be harmonic 


_ Differentiation of the resultant expression to compute a maxi- 
mum yields an unwieldy transcendental equation. Rather than 
attempt to determine maxima in this way, a modern high-speed 
computer, the IBM Model IT Card-Programmed Electronic Calcu- 
lator, has been used to evaluate the equations for given values of 
the parameters /, c, 7, and 8 while the ratio 0/8 is varied from 0 to 
1. The individual maxima so determined have been plotted as a 
function of 8/7, as seen in the representative chart, Fig. 5. In 
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ANGLE a,,, DEGREES 


=2 2+ 
se ters 23465 
(ROTATION Away FROM PIVOT) (ROTATION TOWARD PIVOT) 


Fic. 5 Representative Pressure ANGLE CHART FOR A SWINGING 
Cam Fottower. 1/Ro = 1.5 anp Motion Is 


these charts all linear dimensions have been converted to dimen- 
sionless form by dividing through by Ry. The effect of rotation 
toward or “from” the pivot has been accommodated by plot- 
ting two complete sets of curves on each chart. 

It is emphasized that such charts can give the maximum value 
of pressure angle only; thus each point on each curve is the solu- 


ETERMINATION OF PRESSURE ANGLES ~~ 


tion for a particular cam. The location of the maximum is not 
given, nor is it needed for most applications. 

The use of the charts is indicated in the following examples: ; 
Assume a cycloidal motion is to be used for rise 


Example 1. 
between two dwells. Let 
Ry 1.50 in, 
2.25 in. 
2.50 in. 


c 
4 T 10 deg 


B = 60 deg 
Rotation be away from pivot 


Then = 2.25/15 =15 
c/Ry = 2.50/1.5 = 1.67 — 
B/r = 60/10 = 6 


It is necessary to interpolate for both c/Ry and 7; however, th 
interpolation is not critical since an approximate value of the 
pressure angle is usually sufficient. Charted values were obtained 
from Fig. 5 and are given in Table 1. "ai 


TABLE 1 CHARTED VALUES FROM FIG.5 > 


43.0 


33.5 36.5 


Interpolation 
e/Ro r value mex reading, a for ¢/Ro aforr = 10, 
F chart on chart deg = 1.67, deg deg 
1.50 2 41 +4 
1.75 2 29.5 
34.2 
1.50 30 | 
1.75 30 
* Sample interpolation: 
1.67 — 1.50 
@ = 41.5° — (48) (415 29.5) | = 33.3 

Example 2. Half-eycloids and half-harmonics are sometimes 
used in conjunction with other curves. When a half-curve is to 
be so used, the parameters must be modified before making use of 
the charts. 

Assume a half-harmonic is to be applied between points C and 
D, Fig. 6. For computation purposes the half-curve is extended 
to point E, forming a full harmonic: 

Ry’ is radius to follower center at point E 

B’ = 28 

7’ =2r 


AB-HALF CYCLOID . 
BC - CONSTANT VELOCITY 
CD - HALF HARMONIC 
DE - FULL HARMONIC 


A 
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Using Ry’, 8’, and 7’, the computation proceeds as in Example 
1. Using the same general procedure, a check might also be 
made for maximum pressure angle in half-curve AB. 

Ezample 3. Heretofore it has been tacitly assumed that the 
motion under consideration required a “rise” of the cam. While 
this is usually the more critical situation as regards forces on the 


dR ~ aR” aR 
y 
c 
a= 4 sin 
6 = bo + E — COs 3 | {l ‘ 
If the motion prescribed for the follower is cycloidal ek 
a 
in. 4 
\ — 
NS 
> = 
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cam and is often the only case that concerns the designer, never- 
theless information is sometimes required on the “fall.”” The 
maximum pressure angle for the fall may be determined by the 
same method as for the rise if the direction of rotation is rev reed 
before using the charts. Fig. 7 illustrates this point. 

CoNCLUSION 

ROTATION ROTATION 


ACTUAL PROBLEM ACTUAL PROBLEM An exact derivation has been given for determining pressure 


i : é angle in swinging-follower cam systems. Certain of the re- 
sultant expressions have been evaluated on an IBM Model II 
Card-Programmed Electronic Calculator, and a typical chart is 
presented to illustrate the results of the computation. 
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_ The Relation Between Grinding Conditions 
_and Thermal Damage in the Workpiece 


By R. S. HAHN,’ WORCI 


The tendency of heat checks and cracks to form in the 


ae workpiece is shown to be strongly dependent upon work 


speed. The durability of the cutting edges of tools is 
us shown to be affected by the speed ‘ae sharpening. 


PRA é. lower surface temperatures occur when grinding is done at 
high work-surface speed. 


NOMENCLATURE 


he following nomenclature is used in the paper: a 


e 
= rate of metal removal 
= normal force on wheel 
= dynamic curvature difference (see reference 4) 
= ratio of wheel-surface speed /work-surface speed 
= wheel-surface speed 

= work-surface speed 

= v, +» = relative grit sliding speed 

= half-length of heat source in direction of sliding 
= thermal diffusivity of work 

= thermal conductivity of work 


vi 
sek Oe dimensionless parameter for grit source 


a = dimensionless parameter for wheel source 


shear stress between grit and work 

778 ft-lb/Btu = Joule’s constant 

temperature 

heat-source strength 

wheel rotary speed fo 

displacement of successive interference 

effective length of interference region 

maximum length of interference region for highest grain 


INTRODUCTION 


For many years the grinding-department foreman has been 
confronted with grinding checks and burns on ground parts. 
Fig. 1 iliustrates a heat-checked cemented-carbide cutting tool. 
In more recent years engineers have become concerned with the 
"residual stresses intodaees into ground parts. There i is good evi- 


Fon Sa 


In view of the foregoing, it is important to understand how 
grinding variables such as work speed, feed, wheel characteristics, 


— ete., influence the workpiece. This paper is concerned directly 


with the effect of these variables on the instantaneous surface 


1Consulting Engineer, The Heald Machine Company. Mem. 


ASME. 


? Numbers in parentheses refer to Bibliography at end of paper. 


EEN _ Contributed by the Metals Engineering Division and presented 


at a joint session of the Metals Engineering and Production Engi- 
neering Divisions and the Research Committee on Metal Processing 


at the Diamond Jubilee Semi-Annual Meeting, Boston, Mass., June 
19-23, 1955, of Tae Amprican Society or MECHANICAL ENGINEERS. 
. Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 


the Society. Manuscript received at ASME Headquarters, April 27, 


1955. Paper No. 55—SA-60. 
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Fie. 2 Heat-Cueckep Ba.i-Bearinc Groove Saowine Cracks 
or Groove; X3'/s 


temperatures produced and thereby concerned indirectly with the 
actual damage and stress resulting from these temperatures. 
Such observations as the fact that hard or “glazed’”’ wheels are 
more likely to burn or damage the workpiece will be explained in 
accordance with physical theory. The tendency of fine-grit 
wheels to burn or the difficulty with the form-grinding of deep 
grooves will also be apparent. Fig. 2 shows the propensity 
toward checking at the edges of a ball-bearing raceway. The 
cool cutting action of open structure such as “twelve’’-structure 
wheels also can be explained. 


GENERAL OBSERVATIONS ON Work SPEED 

The “checking” shown in Figs. 1 and 2 completely disappeared 
when the work speed was increased sufficiently. By work speed 
is meant the speed at which the workpiece is passed under the 
grinding wheel. 

In the case of the ball-bearing groove, complete freedom from 
checking was obtained at a work speed of 200 fpm. 

In the case of the carbide too] the work speed was in the neigh- 


> 
iT 
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- ~ borhood of 20 fpm which was nearly the maximum table speed of 
: a the reciprocating surface grinder upon which the tool was ground. 
4 This speed was not sufficient to eliminate checking. 
In order to investigate further the effect of work speed, a set of 
20 triple-carbide tools was ground on a rotary surface grinder at 
a work speed of 600 fpm. A comparison set of 27 tools was 
ground by conventional means at 20 fpm, the same typeof diamond 
= wheel being used for both sets. The set of 20 tools ground at 
high work speed yielded 20 good tools with no observable checking 
or cracking. The set of 27 tools ground at 20 fpm yielded 12 good 
tools, the rest being checked or cracked. 
Next, the tools were used in a cutting test. The procedure was 

to observe how many parts could be bored before the tool failed. 
_ The parts were steel with a hole containing a keyway (interrupted 
cut). A 0.010-in. depth of cut was taken at 0.006-in. lead at 350 
fpm. The tools would cut satisfactorily for a time and then 
would suddenly fail by chipping. The tools ground at 600 fpm 
produced 8.3 parts per tool. The tools ground at 20 fpm pro- 
duced 3.1 parts per tool. 

In view of the foregoing it can be seen that high work speeds 
are effective in reducing checking and cracking of heat-sensitive 
materials and may also influence the life of the tool or part. 


Tue Hyporuesis 


In order to explain the pronounced effect of work speed on 
checking and burning, it is necessary to formulate a rational 


- theory of grinding that fits the observations cited, as well as 
others. 
“ue ee Hitherto, most investigators have considered the grinding 
process to be essentially like a milling process but on a micro- 
scopic scale. Generally, they have considered the forces, normal 
and tangential to the wheel surface, to arise from the chips acting 
against the rake surface of the grit and have neglected any fric- 
tional rubbing forces on the clearance surface of the grit. 
There is considerable evidence which indicates that in the grind- 
ing process it may be more realistic to consider the frictional rub- 
bing forces on the clearance surface and neglect the cutting forces 
yn the rake surface. 
In metal cutting with single-point tools where the chip forces 
predominate, the tangential force is generally about twice the 
normal force. If such tools were simply reduced to microscopic 
size and the forces for a number of them added together, there 
would be no reason for the ratio of the total force to be any dif- 
= from the ratio on any one tool. Consequently, if the rake 
surface forces are predominant one should find the ratio of tan- 
-gential force (cutting) to normal force (thrust) to be the same as 
in single-point machining, namely, about two. In grinding the re- 
verse is true—the ratio is about '/:, see Marshall and Shaw (2), 
and consequently, more nearly resembles the sliding-friction 
_ process where the ratio is about '/,. 


_ Consider next the forces on a single-point tool at very small 
depth of cut, the tool having a very low clearance of about '/: deg. 
Tine 3 taken from Hahn (3) shows the behavior. At depths of cut 
less than 0.0004 in. there is no chip—metal is removed as dust in 
this particular case—all of the forces on the tool act on the 
clearance surface. Furthermore, note that the ratio of cutting 
force to thrust force in this region is '/2 not 2. 
= As a further argument in support of the rubbing-grain hy- 
P= pothesis, abrasive wheels are dressed by a diamond. The diamond 
ea has been observed to actually cut through the grain. It is well 
og known that the lead of the diamond during dressing greatly in- 
, fluences the ¢ .ting action of a wheel. Clearly the dressing action 
: is such as to provide zero clearance on the grain. Fig. 4, taken 
af from Hahn (4), shows a comparison between a slowly dressed and 
8 a rapidly dressed wheel. These data were derived from tests 
where the wheel was pressed against the workpiece with a pre- 
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scribed force and the rate of stock removal measured. For the 
wheel dressed at 0.0004 in/rev diamond lead, the rate of stock 
removal for the freshly dressed wheel is 0.00018 cu in/sec 
corresponding to the first point on the lower curve. Subsequent 
grinding actually caused the wheel to sharpen as shown. The 
rate of stock removal for a freshly dressed wheel with diamond 
lead of 0.010 in/rev is 0.00056 cu in/sec, or three times that for 
the slowly dressed wheel. It is clear therefore that the clearance 
surfaces of the grits play an important role in the grinding proc- 
ess. 

Finally, further evidence, also in support of the rubbing-grain 
hypothesis, is that presented by Hahn (4) in which he experi- 
mentally found that the rate of metal removal FP varied with the 
curvature difference A and normal force F,, according to 


tet 


“4 4 
> 


HAHN—RELATION BETWEEN GRINDING CONDITIONS AND THERMAL DAMAGE IN THE WORKPIECE 809 


and then proceeded to derive a theoretical formula based on the shear-plane source OB. The grit-chip interface source OA would 

S Pies 864.330 hypothesis which came out to be not be expected to supply heat to the workpiece. 
: In view of the foregoing the grinding process appears, from the 
R~ F,\*A9-” — (theoretical) point of view of the workpiece, to be a tremendous barrage of 
- Since the agreement between the exponent of A is very good Small intense heat sources moving very rapidly over a short dis- 
(although that on F,, is not so good) this is taken as evidence in *4nce, the interference region DE, which itself is moving much 
support of the rubbing-grain hypothesis. more slowly along the work surface. The small intense heat 
pe sources OC will be referred to as grit sources in contrast to the 
rks Heat Sources in GRINDING slower moving band representing the interference region DE 


With the rubbing-grain hypothesis there are three distinct re- which will be termed the wheel source. The wheel source is com- 
gions of interest on « grit. Fig. 5 illustrates a grit with a sizable posed of the individual grit sources. It will be seen that if the 
area OC in rubbing contact with the workpiece. As the grit be- wheel turns at very high speed and is composed of fine grits 
comes dull or worn (a glazed wheel) the length OC probably © losely spaced and the work speed is low, the wheel source can, to 
greatly increases to OC’. The shear plane is illustrated at OB good approximation, be represented as a continuous band source 
and the grit-chip interface at OA. These three areas OA, OB, moving over the surface of the work. It will further be seen that 
and OC may be thought of as heat sources. this continuous source can be dispersed into discrete grit sources 

In contrast to the work of Outwater and Shaw (5) who con- by greatly increasing the work speed. 

sidered the shear-plane source OB, let us consider the clearance The “theory of moving heat sources’’ has been worked out by 
surface source OC. The results of Loewen and Shaw (6), Leone Jaeger (9). Among other things Jaeger shows the temperature 
(7), and Hahn (8) all agree with regard to the division of shear- distribution on the surface of a semi-infinite body due to a source 
plane heat at high speeds, namely, that very little shear-plane °f heat moving along the surface. Fig. 6 illustrates the surface 
heat escapes into the workpiece. According to Loewen and temperature derived from Equation [8] in reference (9) for large 
Shaw (6) using their Formula [9] about 20 per cent of the shear- Values of the dimensionless parameter L,. If we assume the 
plane heat escapes into the work for a grain depth of cut of 0.001 frictional shear stress S, between grit and we ork to be independent 
in. at 5000 fpm wheel speed. Therefore most of the heat entering of temperature the source strength q is Oy 

the workpiece must come from the source OC rather than the 


} 
J 

Using this, the dimensionless temperature 


in Jaeger’s work becomes 


and is plotted as the ordinate in Fig. 6. Since the ordinate is now 
; free of the velocity V it is clear that raising the velocity corre- 
§ i y to larger values of L,. In the grinding process 
INTERFERENCE. REGION to large 
= : values of L, for the grit sources can well be over 100 for dulled 
grits. Since the parameter L, is proportional to the product V1 
. : where | is the half-length of the source in the direction of motion 
OC shows clearance heat source on grit (grit source) 
OB shows shear-plane heat source it is clear why dulled or glazed wheels, which have grit sources 
OA shows grit-chip interface heat source whose lengths are relatively large such as OC’ in Fig. 5, cause 
Fic. 5 a Grit Encacen Worx- more burning. Note the large increase in temperature for the 
larger values of L, 
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Fig. 6 illustrates a grit source moving over an interference re- 
gion ten times as long as the grit source. The Grit I is about to 
leave the workpiece. Grit I produces the temperature distribu- 
tions shown.* The temperature rises very rapidly under the 
grit source and then falls steeply at first, as the grit passes by, 
and then very gradually. Following Grit I is Grit IT which is 
about to contact the work. It will superimpose its temperature 
distribution upon the temperatures existing as the result of the 
passage of the previous grit. The minimum temperature @,,, will 
be seen to diminish slightly with increasing grit spacing (a shifting 
_ of Grit II to the left). After a certain time a steady-state mini- 
mum temperature 6,,, will be established. The relation of 6,,, to 
_ the grit spacing and other variables is obscure at present. Pre- 

sumably large grit spacing, as in 12-structure wheels, would result 

in a lower, steady-state, minimum temperature and therefore 
cooler action. 

The final result of many grit sources adding energy to the work- 
piece in discrete pulses may be treated as a uniform source of 
: ‘lesser intensity moving over the work, as long as the interference 
7 region for Grit IT is nearly coincident with that for Grit I. The 

displacement of Grit IT interference region relative to that of 


— Grit I is given by 


where y is the number of peripherally equispaced active grits 


ve ~ around the circumference of the wheel, N the wheel rotary speed, 


d v the work-surface speed. If s is small compared to the in- 
_terference region b, a uniform band source of length b is a good 
pproximation. If s is an appreciable fraction of b or greater than 

b the wheel source tends to disperse into a large number of inde- 


pendent grit sources. 


The length of the interference region b may be obtained by 
considering reference (4). In that paper the normal force on the 
wheel is given by Equation [13], reference (4), which is 


Using Equation [11], reference (4), to eliminate po there results the 


expression 


384h F,o-2 


vok 


‘giving the length of the interference region in terms of normal 
force and curvature difference. It should be remembered that bp 
is the length of the interference region for the outermost or highest 
grit and that there will be a distribution of interference length b 
such that 


b>b>O 


The criterion for the existence of a well-defined continuous wheel 
source is therefore that 
s< bo. 
Where the Criterion [4] is well satisfied the wheel source may be 
- treated as a moving-band source. This will be assumed in what 
follows. 


Errecrs or Work SPEED 


, ; 4 In contrast to the grit-source strength, the wheel-source strength 


2It can be shown from Jaeger’s work that the steady-state tem- 
perature distribution will essentially be reached in the time required 
for the source to move about twice its own length. Consequently, 
he steady-state distribution will apply except when the grit is near 


the initial point of engagement. 
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(Curve a is for a source whose length | is constant; curve b is for a source 
whose length I diminishes with work speed. 
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is essentially independent of the velocity of the source 
(the work speed). In order to see directly the effect of work speed 
on the surface temperature due to the wheel source, Jaeger’s data 
for a moving-band source can be made to yield Fig. 7, wherein the 
relative temperature at the trailing edge of the source is plotted 
against the velocity ratio v/vp. v is the work-surface speed and 
vo is some arbitrary reference speed; 4 is the temperature at the 
trailing edge corresponding to the speed v. For instance, sup- 
pose a temperature of 4 occurs at a work speed of 20fpm. At 200 
fpm the temperature is 0.434) and at 600 fpm is 0.264. The pro- 
nounced drop in temperature at high work speeds is evident. 
Actually there is reason to believe that the temperatures fall even 
faster than shown in Fig. 7 because the length of the interference 
region bp also diminishes with inereased work speed. Since the 
difference of curvature A given in reference (4) for surface grind- 
ing is 

[ 1 + 28 


it can be seen that at high work speeds (smaller S) the curvature 
difference tends to increase. As a result the length of the inter- 
ference region tends to decrease according to Equation [3] which 
produces an even faster drop in temperature as illustrated in Fig. 
7 by curve b. 


A, = . . [5] 


CONCLUSION 


In view of the fact that heat checking in the ball-bearing race- 
way and in the carbide tools was completely eliminated by grind- 
ing at high work speed and since the theory of heat conduction in- 
dicates lower temperatures at high work speed it seems safe to 
conclude that lower temperatures and probably lower residual 
stress occur under these conditions. 

In shops where heat-sensitive materials are being surface- 
ground and where trouble is occurring due to heat checks or per- 
haps even early fatigue it would seem advisable to find some way 
of increasing the work speed. 


BIBLIOGRAPHY 


1 “Effects of Grinding and Other Finishing Processes on the 
Fatigue Strength of Hardened Steel,” by L. P. Tarasov and H. J. 
Grover, i of the American Society for Testing Materials, 
vol. 50, January, 1950, pp. 668-687. 

2 “Forces in Dry Surface Grinding,’ by E. R. Marshall and M. C. 
Shaw, Trans. ASME, vol. 74, 1952, pp. 51-59 


ee 0 30 40 
fon i 
| 
os 
| 


HAHN—RELATION BETWEEN GRINDING CONDITIONS AND THERMAL DAMAGE IN THE WORKPIECE 811 


3 “Metal-Cutting Chatter and Its Elimination,” by R. 8. Hahn, 
Trans, ASME, vol. 75, 1953, pp. 1073-1080. 

4 “The Effect of Wheel Work Conformity in Precision Grinding,’ 
by R. 8S. Hahn, Trans. ASME, vol. 77, 1955, pp. 1325-1329. 

5 “Surface Temperatures in Grinding,” by J. O. Outwater and 
M. C. Shaw, Trans. ASME, vol. 74, 1952, pp. 73-86. 

6 “On the Analysis of Cutting-Tool Temperatures,” by EB. G. 
Loewen and M. C. Shaw, Trans. ASME, vol. 76, 1954, pp, 217-231. 

7 “Distribution of Shear-Zone Heat in Metal Cutting,” by W. C. 
Leone, Trans. ASME, vol. 76, 1954, pp. 121-125. 

8 “On the Temperature Developed at the Shear Plane in the 
Metal Cutting Process,” by R. 8. Hahn, Proceedings of the First U.S. 
National Congress of Applied Mechanics, 1951, pp. 661-666. 

9 ‘Moving Sources of Heat and the Temperature at Sliding Con- 
tacts,” by J. C. Jaeger, Journal and Proceedings of the Royal 
Society of New South Wales, vol. 76, part 3, 1942, pp. 203-224. 


H. R. Lerner.‘ The beneficial effect of high work speed in 
reducing the tendency of ground surfaces to crack, pointed out 
by the author, emphasizes a difficulty inherent in most commer- 
cial grinding machines. We have determined the residual-stress 
distributions in annealed tool steel, resulting from surface grind- 
ing at work speeds from 10 to 60 fpm in 10-fpm increments, and 
found very little difference between them. The tests were con- 
ducted with both H and J-grade vitrified wheels, containing 
46-grit aluminum-oxide abrasive. The grinding was done dry, 
using a wheel speed of 6000 sfpm, unit crossfeed of 0.050 in., and 
unit downfeed of 0.001 in. 

The results were somewhat tantalizing in that the stresses ob- 
tained at 60 fpm, the highest traverse speed available on our ma- 
chine, indicated a slight tendency to be less tensile at the surface. 
Although the reduction was too small to be outside the realm of 
uncertainty, it is quite possible that significant changes in the 
stresses take place at the high work speeds used by the author. 


G. 8. Reicnensacu.' The author has emphasized the very 
important effect grinding conditions can have on thermal damage 
to the ground surface. He points out the serious need for ma- 
chines capable of high work speeds. However, it does not seem 
necessary to abandon the theories which treat the grinding proc- 
ess as essentially a milling process but on a microscopic scale. 

In papers by Backer, et al.* and Reichenbach, et al.’ the action 
of a grinding wheel is shown to depend strongly on the average 
chip size being generated by the grinding grits. The chip thick- 
ness is taken as useful parameter to characterize chip size. For 
most ordinary grinding the average chip thickness is given by 


; PPE 
VCr YD Do 
work surface speed | 
number of active cutting points per unit area at wheel 
surface 


ratio of mean chip width to mean chip thickness | 
wheel depth of cut per pass 


It is also found that the specific energy of grinding (energy 
per unit volume of metal removed) is high when the chip thickness 
is small. The reason for the high energy is not completely clear 
but is probably due to several causes: (a) There is a size effect 
due to the small size of chip taken, small chips having a propor- 
tionately greater shear strength than large chips. (b) The effect 
of dullness on the cutting edge of the grit becomes important when 
the chip thickness is reduced, so that the dullness becomes 
relatively larger. (c) Friction on the clearance face of the grit 
becomes a greater and greater percentage of the total work, since 
it will remain more or less constant while the shear work is de- 
pendent on the size of the chip. 

The action of fine wheels is now easily explained. The fine- 
grit wheels have a larger value of C, and therefore produce thinner 

chips, which results in a high specific energy. The greater the 
energy input, the more the tendency for burning. 

The reduction of burning with high work speeds on a surface 
grinder is similarly explained. Assuming that the feed 7@ is 
constant with time, the wheel depth of cut per pass becomes 


where K = const, depending on work diameter. Then, sub- 

stituting this into the equation for ¢ and collecting all constant 


Not only is the temperature under the moving wheel source 
reduced due to the reasons of Jaeger’s moving-heat-source theory, 
but in addition the strength of the source is reduced. 


RAKE ANGLE 


Variation or Ratio or Tancentiat Force Over Norma. 


Force Rake ANGLE 
(K2S carbide, 18-8 stainless, feed 0.0065 in.; cutting speed, 100 fpm.) 


The question of the ratio of normal to tangential forces in cut- 
ting is strongly dependent on the rake angle of the tool. Fig. 8 
of this discussion shows the ratio of tangential over normal for 
- various rake angles in a single-point turning operation. For 


wheel diameter __—_—— Targe negative rake angles the ratio becomes small. The grind- 
work diameter: Positive for external grinding ai _ ing grit will on the average probably have a negative rake angle, 
Negative for internal grinding nd a small ratio in the neighborhood of 0.5 should be expected. 


Infinite for surface grinding 
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In Fig. 3 of the paper the author shows a reversal of magnitudes 
of normal and tangential forces, when a single-point cutting tool 
ceases to cut at small depths of cut. This point of transition is 
quite dependent on the stiffness of the machine used and especially 
on the sharpness of the tool. The tool used stopped cutting in 
the range of 0,0015 in. With a carefully sharpened tool, chips 
of 0.0001 in. may easily be taken. The cutting edge of a grinding 
grit being the cleavage face of a crystal should be very sharp 
and capable of taking very small chips. Microscopic examination 
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of grinding swarth (Fig. 9, herewith) indeed shows cleanly cut 
chips. 

The method of dressing a wheel can alter over a large range the 
value of C. Rapid dressing gives C a low value. This increases 


the chip thickness into a region of lower specific energy. Low — 
specific energy means a high rate of metal removal in a constant- 

pressure grinding operation. 


As the wheel is used, natural wheel 


breakdown increases C with the resultant lowering of the rate of = 


metal removal. 
process. Both operations approach with time the same rate of — 


A very fine initial dress results in the reverse ge Ks 


metal removal as the value of C becomes that produced by = aie 


natural breakdown. 


AvuTHOR’s CLOSURE 


It is interesting to learn that Dr. Letner has found slightly i 


lower tensile stress at the top speed of 60 fpm on his machine. 


The author thanks Dr. Letner for his remarks and also Professor =! 2 a 


Reichenbach, whose comments the author finds interesting. ‘ 
There seem to be two viewpoints from which the grinding — 
process can be studied. One is a kind of phenomenological view- — 
point which considers the grinding energy as a starting point and 
does not deal with the individual forces nor their detailed origin. — 
The other viewpoint attempts to start with the detailed workings | 
of a representative grit and derive relations between the principal ee 
variables. These two viewpoints bear the same relation to each © 
other as the Kinetic Theory of Gases bears to the Thermody- — 
namics of Gases. 


However, any grinding theory, if itis tobe 


realistic, whether it is based on grinding energy or otherwise, — at 


should contemplate the very real differences in behavior between 
sharp and dull wheels and between soft and hard wheels. 
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“pigs Metals at Elevated Temperatures 


By M. A. EL-HIFNI' ano B. T. CHAO? 


The Angstrém-bar method has been modified and 
adapted to the measurement of thermal diffusivity of 
metals for temperatures ranging from 300 to 1050 F. A 
small, sinusoidal temperature fluctuation is superimposed 

- on the mean temperature of a thin-wa)! tubular specimen 
by means of simultaneous heating and cooling at one end. 
_ Thermal diffusivity was calculated from the phase shift 
and amplitude ratio of the temperature waves determined 
at two measuring stations. The effect of possible surface 
eet loss is considered. Measurements were made on 
AISI 1018, 1045, 3140 steels, and 1.1 per cent carbon tool 
—— Results obtained for electrolytic tough-pitch cop- 
_ per and 2S aluminum showed good agreement with a re- 
_ cent theory of Storm concerning the variation of ther- 
mal diffusivity of simple metals with temperature. 


NOMENCLATURE 
The following nomenclature is used in the paper: Paid 


cross-sectional area of specimen, sq ft palit 

amplitude ratio of temperature waves at measuring 
stations 1 and 2 

heat-loss factor = B/w 

specific heat, Btu/(Ib)(deg F) 

surface coefficient of heat transfer, Btu/(hr)(sq ft) 
(deg F) 

thermal conductivity, Btu/(hr)(sq ft)(deg F/ft) 

distance between first measuring station and insulated 
end of specimen, ft 

distance between second measuring station and in- 
sulated end of specimen, ft. Hence (1; — /.) is dis- 
tance between measuring stations 

length of tubular specimen, ft 

outside parameter of cross section of specimen, ft 

time rate of heat flow, Btu/hr 

time, hr 

temperature, deg F 

environment temperature, initial uniform temperature 
of specimen, deg F 

uniform temperature at heated end of specimen, 
measured above 7’, 

amplitude of sinusoidal temperature fluctuation at 
heated end of specimen 

co-ordinate axis; distance measured from heated end 
of specimen which is taken as origin, ft 
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Tut te! tab ofS 

a@ = thermal diffusivity = — 


p weight density, pef 


phase angle of temperature wave, radians 
(Ad@)ie phase difference between temperature waves at sta- 
tions 1 and 2 
w 2m times frequency of temperature fluctuation, 1/hr 


INTRODUCTION 


Thermal diffusivity is an important physical property in the 
study of transient heat flow in solids. It is the ratio of the ther- 
mal conductivity to the specific heat per unit volume of the 
solid; i.c., a = K/(cp). It was called by Maxwell the thermo- 
metric conductivity. The name diffusivity was first suggested 
by Lord Kelvin. 

Data on the thermal conductivity, specific heat, and density of 
pure metallic elements can be found in the International Critical 
Tables (1).* Also listed are extensive references prior to 1929. 
The Iron and Steel Institute of Great Britain (2) reported data for 
a series of ferrous metals. The ASM Metals Handbook (1948 edi- 
tion) tabulated data, many of which were taken from the previous 
two sources. It is not uncommon to find discrepancies among 
values reported by various investigators. In particular, when 
thermal diffusivities of metals at elevated temperatures are 
sought, the lack of adequate data is immediately felt. 

Angstrém (3) was the first investigator who employed a periodic 
heat-flow method to determine the thermal diffusivity of long 
metallic bars. The method was extended to short rods by Weber 
(4) following the suggestion of Neumann. Forbes (5) also em- 
ployed the bar method and used both steady and transient tem- 
perature measurements. In 1915 King (6) modified Angstrém’s 
method and determined the thermal diffusivity of copper and tin 
wires by varying their end temperature according to a sinusoidal 
function. King’s arrangement was later improved by Starr (7) 
through the use of a constant-temperature enclosure to control 
heat loss at the wire surface. In these earlier experiments, all 
measurements were made at or near room temperature. 

Recently, Van Zee and Babcock (8) developed an apparatus by 
which the thermal diffusivity of molten glass at high temperatures 
could be determined. A periodic heat-flow method was reported 
by Sidles and Danielson (9) and measurements were performed on 
copper, nickel, and thorium wires for temperatures to above 1000 
F. The necessary apparatus is very complex, involving elaborate 
and expensive instrumentation. McIntosh, Hamilton, and Sibbitt 
(10) also employed a periodic heat-flow method but concluded 
that the accuracy was inadequate to study conductivity-strain 
relations. The principal source of error was in the harmonic anal- 
ysis of the time-temperature records. Considerable time and 
labor were required to analyze the data. 

Use also has been made of moving heat source by Rosenthal and 
his collaborators (11), and satisfactory results have been claimed 
for metals having a diffusivity value of 0.2 sq cm/sec (0.8 sq ft/hr) 
or higher. The thermal diffusivity of most steels is well below 
this value. 


? Numbers in parentheses refer to the Bibliography at the end of 
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This paper describes an arrangement employing a “steady” 
sinusoidal heat flow in which due account is taken of the influence 
of smal! heat loss at the surface of a thin-walled tubular specimen. 
For convenience of further discussion, a short theoretical back- The ion i 
ground will precede the description of the apparatus. 4 
cosh (L — zx) \ B 


THEORY 
The determination of thermal diffusivity by means of periodic == B 

heat-flow methods is based on the solution of the heat-conduction are eosh L v> 

equations with specified boundary conditions. The latter vary ‘nse ee 

with individual apparatus. When applied to wires, rods, or thin Oscillatory Temperature Wave. The differential equation is « 

tubes whose surface is losing heat to the surrounding, the equation = ite 

takes the form oT oT 
— =a (7) 
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wherein the z-axis is taken along the length of the wire or tube. T(0, t) = Ty sin wt Stop hae bite | 

Since, in general, cp, K, and h are temperature-dependent, Equa- wet narals ‘lane ar 

tion [1] is nonlinear. Analytical solution is very difficult, if not 0 thie Sind yrs (L,t) = 0 

impossible, even with the simplest boundary conditions. How- 

ever, if the range of temperature concerned is small, mean values T(z,0) = 0 

of ane ted and Using the substitution 7 = Ue-* where U is a function of and 

sacrificing the des accuracy in final solution. In the pres- t, Equati d 18) transf rears fats 383 

ent investigation, the specimen is first heated to a uniform tem- 

perature at which its thermal diffusivity is to be evaluated. A OU ou 

small, sinusoidal temperature fluctuation is then superimposed at : at Hg ox? 

one end of the specimen. Diffusivity calculations were based on ‘ith ,: v0 Ti ei 

the phase shift and the attenuation of amplitude of the tempera- fant CO, 

ture waves at two measuring stations obtained under the steady U 

periodic state. Owing to the relatively small amplitudes of the (L,t) =0 

superimposed temperature waves, the conditions required for the 

linearization of Equation [1] are satisfied. Hence, if the uniform U(2, 0) = 0 

initial temperature (which is also the environment temperature), ; 

ie taken as the datum, Equation [1] becomes Applying the Laglaes transformation, the subsidiary equation 


with 8 = (hp)/(Acp). The boundary conditions are 


T(0, t) = T» + T; sin wl 
oT 
T(z, 0) = 0 
As obtained from actual measurement under steady periodic Re 
conditions, the mean temperature varies slightly along the length 
of the specimen. For this reason, a constant term 7° is intro- The solution is 
duced into the first boundary condition. As will be clear later, it ei 
has no effect on the calculation of diffusivity from phase shift and cosh (L — 2) ‘A _ 
amplitude ratio of the temperature waves. It is included for the 
sake of completeness in the mathematical analysis. The second ee MG — B)* + w 8 
boundary condition follows from the fact that the other end of the cosh L a 
specimen is insulated. The third equation is self-evident. ee ok 
The solution of Equation [2] with Boundary Conditions [3) Thence U can be determined by using the inversion integral (12) 
consists of two parts; namely, (a) a mean temperature distribu- Thus 
tion and (6) an oscillatory temperature wave, which becomes 
periodic when t—> @. 


M 


© 


Mean Temperature Distribution. The differential equation and 
the boundary conditions are, respectively 


and 5 s being the parameter in the Laplace Transform; i. 


‘The equation can be derived easily by considering the heat bal- Uv =< = U(x, tat 
ance of an element dz of the wire, rod, or thin tube. ‘i 0 , 
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oe is written in place of s in Equation [10] to emphasize the fact 
that the behavior of U is regarded as a function of a complex 
variable. + is to be so chosen that all the singularities of U7(A) he 
to the left of the line joining (y —i@) and(y + i@). 
i Following the standard procedure of finding the sum of the 
residues at all the poles of the integrand, one se obtains 
2n—1\? 
Asin (wt +9) + Cai 


n=1 


(—1)"-(2n — bai 


(Ca) 


The second term on the right side of Equation [11] becomes van- 
_ishingly small when ¢ is sufficiently large. Since, in the present 
, investigation, only the steady periodic state is of interest, the 
required solution i is 


where A and - are, respectively, the modulus and argument of 
quantity 


the 


cosh*(Z — x)M cos%L — x)M 
+ sinh*(L — L —2z)N 


Vea 
LM cos? LM + sinh? LN 


cosh LM cos LM sinh L — 2)N sin (L —- z)N 
— cosh (L — z) M cos (L — z)M sinh LN sin LN 
cosh LM cos LM cosh (L — z)M cos (L — 2)M 
+ sinh (L — z)N sin (L — 2)N sinh LN sin LN 


2a (1 —b V1 + 


be le (1 + 
he 
“et ton Van 2a(1 +b V1 +5 + b + 
re amplitude ratio and phase difference of the temperature 
ebed at two measuring stations distant x; and x: from the 
heated end can thus be obtained. They are 


4M cos?*iM + sinh? sin? LN 12 
cosh? 1,M + sinh? sin? LN 


sinh LN sin uN cosh LM cos 1.M 
cosh 1, M cos 1,M sinh sin 
cosh 4 M cos LM cosh LM cos LM 
+ sinh sin sinh /.Nsin 


“4 When the surface heat loss is very small, such that b( = B/w)< 
ae Ss. M and N become identical and are both approximately equal to 


= are tan .. [13] 


nein Under such circumstances, Equations [12] and [13] 


become 
28, + 28, 


sinh u sin » + sinh v sin u 


= arc tan 
is 


and if, in addition, v is relatively small, oy <0.5 i 


While pane is no theoretical difficulty in considering the effect 
of harmonics on both the phase shift and amplitude ratio, the pro- 
cedure requires the use of a harmonic analyzer which not only en- 
tails considerable time and labor but also introduces an additional 
source of error. In the present work, efforts have been made to 
generate sinusoidal waves as accurately as possible. The re- 
corded wave form has been carefully examined and compared with 
a sinusoidal curve. Distortion has been found to be so small that 
it can be completely ignored. i 2 


EXPERIMENTAL EquirpMENT 


The experimental apparatus is designed to fulfill the various 
assumptions used in the theoretical analysis. A brief description 
is hereby given as follows: 

The Furnace. Fig. 1 shows a vertical section through the fur- 
nace, The tubular specimen 1 was 5 in. long, 7/; in, OD, and hada 
relatively thin wall to insure one-dimensional heat flow. Mounted 
concentrically with the specimen was another tube 2 of similar 
material. It served to minimize the surface heat loss from the 
test specimen. One end of the tube-and-shield assembly was 
immersed in a liquid heating bath 3 to maintain a uniform tem- 
perature over the tube cross section at any given instant. It also 
helped to keep the temperature drop at a low value. For tem- 
peratures up to about 500 F, a low melting-point alloy containing 
50 Bi, 25 Pb, 12.5 Sn, and 12.5 per cent Cd was employed. A 
neutral salt containing equal proportions of NaNO, and NaNO; 
was used for higher temperatures. The other end of the specimen 
was supported by a transite disk 4, which also provided for the 
insulation there. 

Inasmuch as the entire furnace assembly was to be heated in a 
commercial electric furnace the temperature of which might 
fluctuate as much as +10 deg F about any preset value, the outer 
enclosure 5 was massive for the purpose of reducing the tempera- 
ture variation at its inside surface. The heating source 6 con- 
sisted of an SWG No. 18 Kanthal A wire wound around a ceramic 
tube. A cyclic varying current was sent through the resistance 
wire to generate the required temperature wave at the heating 
bath. Since the theory of the experiment called for a steady 
periodic state, the heat supplied by the electric current averaged 
over a complete cycle had to be removed by external means. 
This was accomplished by forcing cooling air through the an- 
nular space 8. Allowance for differential expansion of the various 
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It may be remarked that when 4; and 6, are large, say, >5 eet, 
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furnace components at elevated temperatures was provided for 
by two stainless-steel leaf springs 9. 


GENERATION OF SINUSOIDAL TEMPERATURE Wave 


Since the desired rate of heat supply was of the form q = q sin 
wt, the process, as such, required heating during one half cycle and 
refrigeration during the next half. In order to avoid the compli- 
cation in mechanical construction for achieving refrigeration, the 
following scheme was adopted: To facilitate explanation, ref- 
erence is again made to the expression g = q: sin wi. By adding 
and subtracting a constant quantity q:, one obtains 


q = + sinwl) 


The quantity q(1 + sin wt) varies from zero to maximum and 
back to zero as wt passes through a complete cycle. This is 
illustrated by curve 1 in Fig. 2. Such a variation of heat supply 
with time can be obtained readily by altering suitably the voltage 
applied to the heating coil. The second term on the right side of 
Equation [16] is a constant and is represented by a straight line 2 


OR (wt) 


sum of ano @) 


2 Variac ($v, 200, 50-60~) 
3. Voriac (itSv, 100, 50-60~) 
4 \Oaomps fuse 

5 On-Off Switch 

6 |amo fuse 

7 Electric Motor 

8 Geor Troin 

9 Com Shoft Bearing 


Fie. 3 ARRANGEMENT FOR VARIABLE Heat Suppiy 


heating power of the resistor is g, which is also the heat to be 
carried away by the cooling air in a unit time. In the present 
instance, g; has been found to be approximately 250 watts for a 
maximum temperature fluctuation of +20 deg F at the heating 
bath. 

It is well known that when a potential difference V is impressed 
on a fixed resistance R, the rate of heat generation is V*/R. 
Hence, for a g-wave as prescribed by ¢,(1 + sin wt), the applied 
voltage should vary with time as according toV1 + sin wt, This 
was achieved by the use of a cam driving an auto transformer 
through a rack and pinion. Fig. 3 shows diagrammatically the 
arrangement for the variable heat supply. This plan is similar to 
that used by King (6). 

Measuring and Recording Instruments. Fig. 4 illustrates the 
simple measuring circuit and the instruments used. Two SWG 
No. 30 iron-constantan thermocouples were silver-brazed into 
two 0.040-in. holes accurately drilled at a distance 1 + 0.002 in. 
apart. After brazing, the excess metal was carefully removed to 
insure that the original uniform cross section® of the tubular 
specimen was not disturbed. Since only the fluctuating part of 
the temperature was of interest, a bucking emf was introduced 
between the thermocouple leads and the recording instruments. 
This was to nullify that part of the thermoelectric effect corre- 
sponding to the mean temperature of the specimen. A bucking 
emf supply of the highest stability was essential. In a given test 
run, the actual value of the bucking emf used was measured by a 
separate precision potentiometer. The fluctuating part of the 
thermoelectric effect was recorded by two photoelectric potenti- 
ometer-type recorders.’ 


in the same figure. In this apparatus it is brought into effect by 
forcing a constant quantity of cooling air through the annulus 
as described in the foregoing section. Obviously, the average 


* All test specimens were finish-bored on a lathe followed by ex- 
ternal grinding on a mandrel. a, 


7 General Electrie Company, Schenectady, N.Y. 
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half, the temperature of the test specimen would, for all practical 
purposes, settle down to a steady periodic state. 

A minimum of three complete waves was recorded. Timing 
marks were imposed on these waves every 15 sec by momentarily 
short-cireuiting the terminals of the photoelectric recorders. 
This rendered possible the accurate determination of the phase 
difference between the two temperature waves. Errors resulting 
from the nonuniformity in chart speed of the recording instru- 
ments were thus eliminated. In many cases the temperature 
waves had amplitudes of about 15 and 8 deg F, respectively, at the 
two measuring stations. The period of the sinusoidal heater 
varied from 540 sec for the steel specimens to 440 sec for copper. 
The wave form was occasionally examined and compared with a 
theoretical sine wave. Fig. 6 illustrates the absence of any 
measurable harmonics in the recorded waves. 


RESULTs AND DiscussION 


As is evident from Equations [12] and [13], the thermal dif. 
fusivity a of the test specimen is not explicitly expressed in terms 
f the amplitude ratio or phase shift cf the temperature waves; 
nor is the heat-loss factor b. Graphs iiave been prepared to ex- 
pedite their evaluation. Figs. 7 and 8 were constructed by as- 
signing suitable values of a to Equations [12] and [13] and com- 
puting the corresponding values of Aj: and (A@),2, 6 being taken 
as a parameter. The experimental conditions are as stated. 
They were then used to construct a third graph (Fig. 9) in which 
a was plotted against the heat-loss factor b for various values of A12 
d (A@)ie. Hence, with the amplitude ratio and phase shift 
termined from the recorded waves, the evaluation of a became 
imple matter. 
It is pertinent to point out that if a is higher than 0.5 sq ft/ir 
d b is less than 0.03, heat loss has relatively small effect on the 
hase shift under the given experimental conditions. On the other 
nd, when a is less than 0.3 sq ft/hr, the amplitude ratio is rela- 
vely insensitive to variations in heat loss and is thus more 
accurate for diffusivity calculation. Errors which resulted from 
computing diffusivity by using phase shift of temperature waves 
were mentioned by Starr (7) but no quantitative analysis had been 


-data plotted from actual recorded wave 
~—theoretical sine wave 


Comparison Between Measurep Temperatvre Wave THEORETICAL WAVE 


Wis 
A metering orifice of the plate type was installed in the cooling- 
air circuit. Its flange taps were connected to an inclined man- 
ometer. This served to indicate the air-flowrate so that operating 
conditions could be duplicated. Fig. 5 is a photograph of the com- 
plete experimental arrangement. 


Test PrRoceDURE 


After the complete assembly was lowered carefully into the 
main heating furnace, connections were made to the inlet and 
outlet of the cooling air. The time of heating required to bring 
the temperature of the specimen close to that for testing varied 
from 1 to 2 hr, depending upon the range of temperature. The 
cyclic electric heater was then put into operation with the simul- 

taneous introducti tion n of the cooling air. After another hour and a 


Fig. 9 was used in conjunction with the determination of ther- 
mal diffusivity of AISI 1018, 1045, 3140, and 1.1 per cent carbon 
tool steels. The results are summarized in Fig. 10. The latter 
steel has a reported chemical composition of 1.1 C, 0.7 Mn, 0.25 
Si, and less than 0.04 P and S. The ASM Metals Handbook 
listed the thermal conductivity and specific heat at elevated tem- 
peratures for a similar steel containing 1.22 C, 0.35 Mn, 0.11 Cr, 
0.13 Ni, 0.01 Mo, and 0.08 Cu. While the two steels are not 
strictly identical, it is interesting to compare the diffusivity values 
calculated from data on K, c, and p with those obtained in this 
experiment. Fig. 11 is a comparison between the two sources. 

For the electrolytic tough-pitch copper (purity 99.90 per cent) 
phosphorized copper tubing and 2S aluminum (purity 99.0) the 


heat loss had bean found to be so small that could be 
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completely in the computation. The results are shown, respec- 

tively, in Figs. 12, 13, and 14. Data on the thermal diffusivity of 
a high-purity copper taken from Bibliography items (9) and (13) 
also were plotted. The agreement is good. Bibliography (13) 
also listed diffusivity values for aluminum of 99.2 per cent purity. 
_ They are reproduced in Fig. 14. Some discrepancy exists in this 
case. 

From Figs. 12 and 14 it is seen that the thermal diffusivity of 
electrolytic tough-pitch copper and 2S aluminum when plotted on 
a logarithmic scale varies linearly with temperature. This agrees 

with the contention of a theory expounded by Storm (13). From 
a theoretical consideration of the thermal conductivity of good 


- eonduetors which is of the electronic origin and the specific heat 
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metals whose d-shells are either completely filled or completely 
empty. Aluminum, copper, lead, zinc, and silver are common 
examples of simple metals. Otherwise, they are called transition 
metals. The thermal and physical properties of simple metals are, 
in general, less complicated than those of transition metals. 
While constructional steels are essentially iron-carbon alloys 
with possible addition of ors or more other elements, Storm has 
claimed that the previously described linear relation also exists 
for an 0.8 per cent carbon steel for temperatures ranging from 0 
to about 1100 F. His calculation was based on data published by 
the Iron and Steel Institute of Great Britain (2). However, all 
the steels tested in the present investigation definitely indicate a 
deviation from the straight line for temperatures above 750 F. 
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at constant pressure together with the density, Storm concluded 
that a linear relationship between temperature and the logarithm 
i thermal diffusivity would exist for simple metals. 

A simple metal is defined as one category of the monatomic 
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Discussion 


G.E. McIntosu.’ The authors are to be commended for their 
work, Devising this clever sinusoidal temperature input has 
enabled them to approach the problem of direct measurement of 
thermal diffusivity in the most logical manner. The results ob- 
tained appear to be good and the temperature range is signifi- 
cant, although values from 1000 to 2000 F and above are in greater 
demand at many activities. 

In critically viewing the paper, the writer has the following 
specific comments and questions: 


1 It is believed that the paper would be strengthened by 
stating the results of an error analysis and relating the maximum 
expected error to measurements on a standard specimen. 

2 How reproducible are the data obtained from the authors’ 
apparatus? 

3 How many man-hours are required to determine a thermal 
diffusivity value at, for instance, 500 F, if one were to start with 
a piece of bar stock of approximately the correct OD? 


In closing, the authors are urged to make further use of their 
apparatus. If at all possible, the work should be extended to 
higher temperature ranges. 


W. L. Srssirr.’ The authors are to be congratulated for an 
excellent example of analytical and experimental research. An 
error analysis of this experimental method would be of interest. 
The composition and mean temperature are not sufficient to 
identify the state of the test specimen. Thermal diffusivity is 
also a function of the energy gradient, the load stresses, and the 
number of dislocations in the metal. The fact that the metal has 
been held for a few hours at a temperature above the recrystal- 
lization temperature does not necessarily mean that it is in a fully 
annealed state. 

There is a great need for the thermal properties of materials in 
the temperature region close to their melting points. Metals 
are now used in applications where they are subjected to ex- 
tremely high-temperature gradients and moderate load stresses 
for a total service life of the order of 1 min. The data on specific 
heats and densities are acceptable; however, there i is very little 
information on thermal conductivities. : 


Autuors’ CLosuRE 


The authors wish to express their appreciation to Dr. McIntosh 
and Professor Sibbitt for their kind remarks and pertinent com- 
ments on the paper. 

Both discussers expressed the desirability of performing an 
error analysis which was not done owing to the complexity of 
the problems involved. Instead, a direct comparison with 
diffusivity values calculated from published data on K, c, and p 
was made whenever feasible. Nevertheless, during the course of 
investigation, the following sources of error were noted and 
efforts had been made to keep them to a minimum: 

1 The equations derived in the paper were based upon 
tubular specimens of uniform cross section. Installation of 
thermocouples at the temperature-measuring stations would 
produce some local disturbance on the supposedly linear heat 
flow in the specimen. Accurate analysis is difficult, but the 
error was presumed to be small since any excess deposit of the 
brazing alloy was carefully removed afterwards, Conduction 
error along thermocouple leads had been estimated and found to 
be insignificant. 
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2 The impervious boundary condition at the unheated “> 
of the specimen used in the analysis was a simplification. Calcu- ; 
lation showed that it introduced little error if (a) the specimen 
material were of relatively good conductors, such as those used 
in the present investigation and (6) the thermocouples were 
installed at sufficient distance from that end. 

3 Inaccuracies in wave shape were within narrow limits, as 
they were checked frequently by comparing the recorded tem- _ 
perature wave with the theoretical sine wave. In this connec- 
tion, it may be remarked that the photoelectric potentiometer-_ 
type recorders used in the experiment showed noticeable error 
(2 to 3 per cent) when readings were taken in the range over vy 
of the full-scale deflection. Corrections were then applied by a 
calibration with precision, manually balanced potentiometers. 

4 One obvious source of error in the present apparatus was 
the discrepancy obtained in the measured period (or frequency) 
of the temperature waves. To illustrate, data obtained from a © 
typical test run on the 1.1 per cent C tool-steel specimen are 
given for reference in Table 1. 


TABLE 1 TEST-RUN DATA 


Voltage of feeding variac, volts 

Manometer readi 

Period of sinusoidal heater,* sec per cycle.... 

Bucking emf for lst measuring station, mv. 

Bucking emf for 2nd measuring station, mv.. . 

Time averaged temperature at Ist station, deg F 

Time averaged temperature at 2nd station, deg F. . . 

(i) Amplitude ratio — Aw 
Difference between maxima and minima of temperature wave 
at first station (average of 5 rdgs., mean deviation + 1 per 
cent), mv ..0.745 
As above but at second station,"mv................. 


0.745 
An = 0.382 ~ 1.95 


(ii) Phase shift (aes sec 


Time at which “temperature wave crosses mid-axis, mensured 
from some arbitrarily chosen zero 
First Second 
measuring measuring 
station station 


5200 sec 
51 
51 
50 
51 


1126 
Avg. 51.0sec 


« Obtained by using stop watch and counting the number of revolutions ~ 
of the driving cam (Fig. 3, item 10). 


The half-periods obtained with the temperature wave at the 
first measuring station are, respectively, 265, 272, 265, and 269 sec. 
Corresponding values for the second measuring station are 264, 
272, 264, and 270 sec. These values indicate a maximum devia- 
tion of +0.7 to —2.2 per cent when compared with the half- 
period of the sinusoidal heater, the latter being 270 sec. 

While, under certain conditions as expounded in the paper, 
the use of amplitude ratio of the temperature waves is preferable 
to phase shift in diffusivity calculations, data reported herewith 
represent the mean value obtained by using both measurements, _ 
In general, the agreement is good. For the case of 1.1 per cent 
C tool steel cited in the foregoing a = 0.368 and 0.370 sq ft per hr 
as computed, respectively, from the amplitude ratio and phase 
shift. More representative, however, is the result acquired from 
subsequent tests on AISI Type 430 stainless steel. 
temperature of 913 F, the corresponding diffusivity values are 
0.242 and 0.250 sq ft per hr, indicating a mean deviation of +1.6 
per cent. 

During the course of the investigation, it was immediately 
learned that fluctuations in air pressure had a serious effect on 
wave shape. The air was delivered from a compressor which 
was also the source of air supply to other laboratories. During 
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the daytime, the surge-tank pressure fluctuated between 68 and 
_ 75 psig. Satisfactorily steady condition was achieved by con- 
ducting all test runs in late evening and by bleeding the com- 
pressor at the same time. Under these controlled conditions, 
reproducibility of data was checked on Type 430 stainless-steel 
specimen and had been found to be within 3'/; per cent among 
three different runs. 

_ Perhaps one of the major shortcomings of the present apparatus 
_ is the large number of man-hours involved. If one were to start 
with a piece of bar stock of approximately the correct OD, it is 
_ estimated that at least 7 to 10 man-hours will be required to 

obtain a single diffusivity value at a specified temperature. 
This does not include the computation work. 

Extension to higher temperature ranges seems possible but 
must be accompanied with modifications. The copper tubing 
and other parts which deteriorate rapidly at higher temperatures 

_ will have to be replaced by heat-resistant alloys. To date, no 
- actual tests have been conducted above 1200 F. 

With reference to Professor Sibbitt’s comment on the effect of 
toad stress, energy gradient, etc., on the thermal diffusivity of 


th 


metals, the authors wish to point out that the present apparatus is 
inherently not suitable for studies of such type, for instance, the 
determination of stress-conductivity relations. In the first 
place, the present apparatus necessitates a state of equilibrium, 
i.e., heating of specimens at higher temperature for a considerable 
length of time. This usually entails changes in microstructure. 
It is clear that for metals which are designed for short service life, 
say, of the order of 1 min, but subjected to high-temperature 
gradients and load stresses, one has to resort to true transient 
methods. 

As early as 1923 Bridgman” reported data on the effect of 
tension on thermal conductivity of metals, ranging from about 
0.39 per cent for a 2050 kg/cm? (~ 29,000 psi) load in Fe to 0.015 
per cent for a 770 kg/cm? (™10,900 psi) load in Pd. Evidently, 
for such study, an accuracy of better than '/, per cent is required. 
In view of the foregoing discussion, one could not expect an 
accuracy of better than 2 to 3 per cent from the present apparatus. 

0 “Effect of Tension on the Thermal and Electrical Conductivity 


of Metals,”’ by P. W. Bridgman, of the American Acad- 
emy of Arts and Sciences, vol. 59, 1923, p. 127. 
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A great variety of tests were examined with the objective 
of finding correlations between different kinds of tests. 
The tests considered included notched and unnotched ten- 
sile tests, notched and unnotched bend tests, notched and 
unnotched disk-bursting tests, and Charpy impact tests. 
General correlation was obtained in only one instance, 
and in a few other test comparisons, correla:ions could be 
obtained only for certain metallurgical conditions. A 
great deal of additional work in this field is required. 


INTRODUCTION 


NABILITY to relate laboratory test results to the per- 

formance of structures in service is the most important 
stumbling block in developing a rational design procedure 
against fracturing in notch-brittle metals (1).* Currently we do 
not even understand the relationships between various simple 
tests commonly performed in the laboratory; certainly, until we 
do, there is little hope of understanding the relationship between 
one or more simple laboratory tests and the performance of the 
metal under the complex conditions that prevail in most struc- 
tural parts. Obviously, the first step in developing a suitable de- 
sign procedure must consist of a detailed investigation of the 
metal characteristics under a wide variety of laboratory test con- 
ditions. Gradually the relationships between different kinds of 
tests will be understood well enough to permit the prediction of 
one test result from the results of other kinds of tests. When this 
type of relationship has been established among tests that repre- 
sent a sufficiently large number of factors governing fracture, it 
will then be possible to predict service performance, which may be 
viewed merely as a more complex test. 

Most of the following discussion will be devoted to this subject 
of how to relate the results of different kinds of tests to each 
other. In doing so, however, one must be careful not to lose sight 
of the ultimate objective. It is altogether too easy to become so 
absorbed in discovering the relationships between two particular 
kinds of tests, that one disregards other factors which may be 
more pertinent to engineering performance, but which are not 
represented in the tests currently being studied. In the exam- 
ples which will be given, there is a discussion of some of the fac- 
tors which are currently considered to be important. Other 
factors, such as size or repeated loading may be just as important, 
if not more so. 


Decree To Waicn Various Tests Can Br CorrELATED 
Let us first consider one of the very few cases where there is 
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some evidence that the relation between two tests is understood, 
namely, the unnotched bend test and the unnotched tensile test. 
The data (2) show that the biaxiality (transverse tension over 
tangential tension) at mid-width of a bend specimen varies with 
breadth-to-depth ratio (b/h) from 0.5 for a very wide specimen to 
zero for a very narrow one. Fracture begins at the mid-width for 
b/h ratios greater than unity, and the ductility decreases as the 
biaxiality increases. For b/h equal to or less than unity, fracture 
begins at the corners, where the stress is uniaxia! (transverse 
stresses zero) and the data indicate that the ductility for corner 
fracture is the same as that in a tensile test. Thus it appears that 
ductility is independent of stress gradient for uniaxial tension, 
and that narrow -unnotched bend tests can be related to un- 
notched tensile tests. 

When notches are present the situation is much more con- 
fused. There is no type of notch test whose result can be pre- 
dicted consistently from the result of any other type of test, with 
or without a notch, although correlation does appear possible in 
certain cases where the ductility is exceedingly high or com- 
pletely absent. In the investigations of welded ship failures, 
there have been numerous comparisons between such tests as the 
Navy tear test, the internally notched wide plate, the keyhole 
Charpy test, and the V-notch Charpy test. So far, these com- 
parisons have shown that the boundary temperature between 
crack propagation by fibrous tearing and by sudden cleavage is 
approximately the same in the different tests. However, these 
tests give almost no information at all regarding other features 
of engineering performance, such as ductility and load-carrying 
capacity. 

Recent Tests on A Spectat 


The difficulty of relating different kinds of tests, on the basis of 
current knowledge, can be illustrated by the following series of 
tests, which comprise a wide variety of tests all on the same ma- 
terials. These tests were made on a special alloy steel in which a 
wide variety of properties (as determined by a few standard 
tests) could be obtained by various heat-treatments. The de- 
tails of the tests are given in the Appendix, and the results are 
summarized in Table 1. The conditions of heat-treatment desig- 
nated by A and B in Table 1 are particularly interesting, because 
they have the same very high value of unnotched tensile duc- 
tility, but tremendously different values of keyhole Charpy im- 
pact energy. In addition to the standard types of tests, five 
kinds of special tests were made for the A and B heat-treatments. 

The logical first supposition as to the different impact-test re- 
sults for heat-treatments A and B would be that the local strain 
at fracture was the same for both heat-treatments, because the 
tensile ductilities were equal, but that the energy to propagate 
the crack was very large for heat-treatment A as compared with 
practically none for heat-treatment B. This supposition stems 
from the Navy tear-test results of Kahn and Imbembo (3) on 
mild steel. Their tests showed that the energy to start the crack 
is practically independent of the test temperature. The energy to 
propagate the crack, however, varied from essentially zero below 
the transition temperature to a large value above the transition 
temperature. Also, one V-notch Charpy bend test on mild steel 
indicated that the energy to propagate the crack may be at least 
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TABLE 1 


MATERIAL AND RESULTS 


(Room-temperature tests) 


Composition: 


Austenitizing deg F. 
medi 

empering temperature, deg F.. 
Tempering time, 
0.02% yield strength, 1000 psi 
Tensile strength, 1000 psi. 
Reduction in area, per cent. 
Keyhole Charpy value, ft-lb.. 


Disk-strength ratio = tenalle 


as 
ott 
WA 
alg 


With no stress raiser. .. 


With saw cut in rim 
Notch tensile tests: 50%, 60-deg V-noteches; 
notch strength 
tensile 
Notch ductility, per cent reduction in area. 
Unnotched wide-pl. 

Notched (V-notch 
Maximum bending load 
Energy absorbed in slow a bend test, ft-Ib- 


® One out of five tests gave only 10 ft-lb. 


Notch-strength ratio = 


pletely brittle for heat-treatment 
© Two out of six tests gave 59 and 63 per cent. 


ave erage tangential 


r/D = 0.02 


0.12% C, 0.48% Mn, 5.87% Cr, 0.95% Mo, 0.37% Ti, a we 


0.8 


0.86 0.57 bes 


0.84-0.90 
1.0-1.3 


.55-1.69 1.49-1.57 
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> Of the 38.3 ft-lb, 9.4 ft-lb was expended in propagating the crack, while the crack propagation was com- 


caus) 


DROP 


005 O10 O15 O20 O25 0.30 0.35 0.40 0.45 


HEAD MOTION (DEFLECTION) INCHES 


Fie. 1 
Specimen Cut 1n THE Drrection From 4-IN. 
Pate. 


five times that required to initiate fracture, even though the local 
strain before crack initiation was very high, 40 per cent, Fig. 1. 

Thus previous tests on mild steel would indicate that the dif- 
ference in impact values for conditions A and B in Table 1 would 
be due to differences in the mode of crack propagation. However, 
the results of slow notched bend tests for conditions A and B(Table 
1) prove otherwise. The difference in energy absorption is due 
almost entirely to an enormous difference in local ductility at the 
root of the notch—a difference which is not indicated at all by the 
unnotched tensile ductility. In both specimens the crack propa- 
gated suddenly and with comparatively little energy, Fig. 2. 
From these data it becomes evident that impact tests are hard to 
interpret because impact energy is not a criterion of any single 
metal characteristic. For one metal the level of impact energy may 
measure the ductility; in another metal the impact energy 
may be governed almost entirely by the mode of crack propaga- 
tion, while the energy to initiate the erack, even for high duc- 
tility, may have beensmall. The slow notched bend test provides 
much more information. 

These same slow notched bend tests show another rather dis- 
concerting fact. If the high strain gradient below the notch root 
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certainly expect surface fracture in a notch-bend — 
specimen, where the equally high notch-induced _ 
strain gradient is superimposed on a strain gradi- 


If fracture begins at the surface in notch bending, 
the ductility should depend only on the biaxiality _ 


asin avery wide unnotched bend test, where the — 


men (0.5). 
For example, 


notched bend ductility (4), provided that the speci- 
men is not oriented in such a way that the 
fracture anisotropy causes an abnormal location 
of crack initiation (4) Fig. 3. 
lence may prevail for heat-treatment A, where — 
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folded flat shut (about 120 per cent). In con- 
trast, the bend ductility values for heat-treatment B in Table 1 
show that the local surface strain at fracture of the notch bend 
bar is many times less than the unnotched bend ductility. Thus 
fracture apparently did begin below the root of the notch, be- 
cause of high susceptibility of the metal to triaxiality. 


The ductility values in notch tensile tests also suggest that Ba 

fracture begins below the surface for heat-treatment B, while 7 i 
surface fracture may have occurred for heat-treatment A (see — 


Table 1). 


of a rather sharply notched tensile specimen — ee 
causes surface fracture, in spite of the lower duc- 
tility inside due to triaxiality, then one would _ 


ent due to the bending, and having the same sign. __ 
biaxiality is the same as in the notch-bend speci- 5 


the notch bend ductility is even greater than the 
strain in an unnotched specimen that has been — 


3 


in that surface. This ductility should be the same Ss 


some tests on mild steel 
that the notch bend ductility equals the un- | "hi 


This same equiva- 


For this type of test, however, the state of affairsis =» — 


not as obvious as for notch bending; there is not yet a feasible __ 


method of applying the technique of Sachs and Fried (5) to the 


measurement of the local surface strains in these small speci- a 


mens. The reduction of area value can be related either to the 
local tangential strain at the notch root 
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1 
% axial strain 
100 


but not to the local axial strain. 
local axial strain was large, even for a small reduction of area, be- 
It is equally easy to imagine a 


2° high value of local axial strain coexisting with a small value of 
 loeal tangential strain, because of a biaxiality only slightly less 


bi crack is propagating, see Table 2. 


than 0.5. On the other hand, a large reduction-of-area value 
does not necessarily mean a high value of local axial strain. Be- 
cause final diameter is usually measured after complete separa- 
tion, the reduction-of-area value might be fictitiously high if duc- 
tile crack propagation has reduced the notch diameter while t 
This phenomenon has bee el 
called the “rim effect” (6). 
Regardless of the uncertainties of interpreting the reduct 
of-area values in terms of local axial strain, it is still clear from 
high notch-strength ratio that even for heat-treatment B the lox 
ductility is high enough to cause a very uniform stress distri 
tion before fracture. For very ductile metals, the stress apy 


by the time that maximum load occurs. Since maximum load 
occurs at about the same average strain in notched and unnotched 
specimens’(7), the ratio of the nominal stresses at maximum load 
_ for the notched and unnotched specimens, respectively, is a rough 
measure of the triaxiality present (8). For very ductile metals, it 
has been found that this notch-strength ratio depends only on the 


bya becomes quite uniformly distributed over the notch section 


i _ notch depth providing the notch sharpness is less than about 6. 


what one would expect. 


The amount by which a notch-strength ratio value falls below this 


ideal value is a measure of the degree to which the stresses have 


failed to be uniformly redistributed before failure occurred (9). 
For the 50 per cent notches discussed in Table 1, the notch- 
_ strength-ratio values are at least as high as the “‘ideal’”’ value of 1.5 
for very notch ductile metals. Thus one must conclude either 
_ (a) that the low notch ductility indicated by the notch-bend tests 
_ for heat-treatment B is still enough to smooth out this initial elas- 
_ tie stress concentration in a notch tensile test, or (b) that a less 
severe state of stress results in a higher ductility in a notch tensile 
test than in a notch-bend test. 
The bursting tests on unnotched disks (Table 1) show about 
For heat-treatments A and B, where the 
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unnotched tensile ductility is very high, the disk-strength ratio 
is unity. This value means that the initially nonuniform (elastic) 
stresses have been sufficiently uniformly redistributed by large 
amounts of plastic flow that the average tangential stress at burst- 
ing of the disk equals the average stress in a tensile specimen at 
maximum load. This condition would be expected if the necking 
strain fur a disk were about the same as that in a tensile specimen. 
Indeed this appears to be the case from measurements on both 
types of specimens after fracture at locations away from the 
necked regions (see Appendix). Thus the unnotched disk tests 
conform to current concepts, at least qualitatively. 

For notched disks, or disks containing a stress raiser of any 
kind, the test results are not so easy to understand. For this type 
of test the criterion of the load-carrying capacity is the “disk- 
strength ratio.” For metals with considerable ductility, the 
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TABLE 2 DETAILS OF TEST RESULTS 


Tensile test results 
0.02% yield strength, 1000 psi 


Tensile strength, 1000 psi 


xis 


“Notch tensile test results 
Notch strength, 1000 psi 


Per cent reduction of area at crack initiation 


Per cent reduction of area after complete 
separation 


Disk-bursting tests 
Bursting speed, 1000 rpm 
No stress raiser 


Saw cut in rim 
Special stress raiser (Fig. 6) 
Average tangential stress, 1000 psi 
No stress raiser 100.9 125. 
*/,in-deep crack in rim 69.2 
Saw cut in rim 
Special stress raiser (Fig. 6 
Tensile strengths of actual di 
No stress raiser 
3/¢in-deep crack in rim 


Saw cut in rim 

stress raiser (Pig. 6) 
ngth ratio 

No stress raiser 

4/,in-deep crack in rim 


pecial stress raiser ) 

Per cent reduction of thickness away eco 
local necks in 

by unnotched bend-test ductility, per 


nt 
Noteh- bend tests® 
Local strain at root of notch when crack 


a first appears 


Energy absorbed, ft-lb 


Bending load, Ib 
* Cut from failed disks. 
> Average of all tests (no tests from the disk in question). 


disk-strength ratio is observed to be in the neighborhood of iter 
for the design of disks being used here. If the maximum load 
strain is about the same in a notched disk as in an unnotched tensile 
test, as is the case for notched tensile specimens, a disk-strength 
ratio of unity is to be expected for these thin disks, since the tri- 
axiality, and therefore the increase in flow stress, would be ex- 
pected to be small. 

The disk—strength ratios for notched disks of heat-treatment A 
are considerably higher than those for heat-treatment B, and in 
some cases near unity. These data tend to indicate two things: 
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(a) That the B-heat-treatment material is the more notch sensi- — 
tive, and (b) that the notched bursting test is more severe thanthe 


notch tensile test. The fact that the disk-strength-ratio values | 


are considerably smaller for heat-treatment B than A is not sur- 
prising, considering that the ductility in both notch-bend and _ 
notch tensile tests is smaller for heat-treatment B. The thing _ 


than the ideal value of unity for both heat-treatments, while the 
notch-strength ratio assumes the ideal value of 1.5 or more in the 
notch tensile tests for both heat-treatments. Thus the disks suf-— 
fer more loss of load-carrying capacity because of notching than 
do notch tensile specimens. The first reason that comes to mind _ 
for the low values of disk-strength ratio is that the disk contains 
a sharper notch than the tensile specimen, and that a given notch — 
ductility can smooth out a mild stress concentration, but not a— 
sévere one. 

Before concluding, one other aspect of the test results should <a 
mentioned. Under conditions of ductile crack propagation it has 
been observed in both notch-bend tests (4), Fig. 1, and notch ten- 
sile tests that the load may increase while a crack is tearing | 
open. This phenomenon also occurred in the notched-disk test _ 
with heat-treatment A. This disk was stopped and examined at _ 
95.5 per cent of the bursting speed, and a crack was observed. 
Then, there was a total increase of 4.5 per cent in speed or 9 per 
cent in average stress before failure finally occurred. Thus the — 
higher notched disk-strength ratio for heat-treatment AthanforB 
apparently is partly due to the more ductile nature of the crack _ 
propagation in this material. (The slow notched bend tests, — 
Fig. 2, also indicated that heat-treatment A was characterized by 
a larger fraction of ductile crack propagation than betta 
ment B.) 

Discussion AND SUMMARY 


The foregoing analysis has brought to light a mass of seit 
and conflicting data, only a small part of which can be rational-— 
ized satisfactorily in terms of current concepts. Out ofthismass _ 
of data are emerging a few tentative generalizations, and a host of | 
ideas as to how to pursue these concepts further, using various _ 
experimental methods to track down the factors that cause ai 
ferences in the results of different types of tests. Ay 

The following tentative generalizations can be made. 


1 Fracture begins at a given local strain for a given set of local 
conditions, irrespective of conditions in the surrounding material — 
or the over-all size. 

2 Fracture may begin either at the surface or within the vol- ; ¥ 
ume of metal, depending upon the relative importance of two 
factors—strain gradient in the vicinity of the surface, and the | 
susceptibility of the metal to triaxiality. a 

3 Ductility values determined from measurements of dimen- 
sions after complete separation of the specimen may be mislead- rere) 
ing if the crack propagates in a ductile manner. For example, the : 
reduction of area measured in this way in a notch tensile specimen — 
will be too large if the central core of metal continues to stretch __ 
while the crack is slowly progressing inward from the root of the __ 
notch (rim effect). In many cases this phenomenon will even — 
affect the quantity which is being used to characterize the load- — 
carrying capacity, such as the notch strength of a tensile — 
men or ‘the bursting speed in a disk test. 


Charpy impact test, may be misleading; a high value of energy ‘ 


may be due to high ductility in one kind of metal, or to the mode a ” F 


of crack propagation in another metal. 

Some of the experimental methods that can be used to track 
down further the factors that cause differences in the results of 
different kinds of tests are as follows: 


1 Indifferent kinds of tests, the same quantity (such as local 
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stress or local strain) should be measured in all cases, rather than 
measuring one quantity in one test and a different quantity in 
another test. For example, it is difficult to compare the Charpy 
impact test, where the total energy to rupture the specimen is 
measured, with the unnotched tensile test, where ultimate 
strength, reduction of area, etc., are measured. 

2 Any suspicions as to what variable might be governing the 
result of a test should be checked by comparing two tests that 
differ only in that variable. In this way the various pertinent 
factors can be isolated and studied individually. For example, 
biaxiality is presumed to be the controlling factor in a notch ten- 
sile test when fracture begins at the surface; if the strain gradient 
in the normal direction is not a factor, the local strain at fractur- 
ing should be the same as in an unnotched bend test having the 
same biaxiality. If the comparison of these two kinds of tests 
proves this to be the case, the fact that biaxiality, not strain 
gradient, is the governing variable will be proved to be the case. 

3 A valid generalization must be based on tests covering a 
wide variety of metal behaviors such as hardness, strain-hard- 
ening rate, tendency toward brittle crack propagation, ductility, 
ete. 

4 The method of calculating stress and strain distributions 
from classical plasticity must be improved. Particularly, 
methods must be developed for treating situations where the 
elastic and plastic strains are comparable in magnitude. Some of 
the poorly verified assumptions used in such calculations should 
be checked by experiment. 

5 The wider the variety of tests compared, the broader will 
be the engineering applicability of the generalizations derived 
from these tests. 

6 A direct experimental method is needed for finding the 
location of crack initiation when the fracture begins below the 
surface. 
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12 “The Local Conditions at the Root of the Notch in a V- 
Notch Charpy Impact Specimen,’’ by H. A. Lequear and J. D. Lu-— 
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Appendix 


Deratts or Procepure anp Test Resuvts 


Severtl types of tests were made on a special alloy steel. 
composition and heat-treatments are shown in Table 1. 
material was selected because it could be heat-treated to produce 
either high or low impact strength at room temperature, while 
still maintaining high ductility in a tensile test. These heat- 
treatments are designated by A and B, respectively, in Table 1. 
Standard tensile and keyhole Charpy impact tests and five types 
of special tests were made for each of these two heat-treatments. 
Some of the special types of tests were also made for a third con- 
dition of heat-treatment (C) which resulted in both low tensile 
ductility (except for sporadic high values) and low impact 
strength. 

The steel was supplied in the form of 4-in-sq billets. Disk 
forgings were obtained by upsetting at a maximum temperature 
of 2100 F. The forgings were annealed at 1700 F and furnace- 
cooled before final heat-treatment. Some of the forgings were 
cut up for impact tests and notched and unnotched tensile tests, 
and the rest were machined to disk-bursting specimens. The 
smaller types of specimens were also cut out of failed disks, pro- 
viding that locations away from the fractures could be found in 
which the tangential strain due to the bursting tests was small 
(less than 3 per cent). 

Standard Tesis. Unnotched tensile specimens and keyhole 
Charpy irapact specimens were machined and tested according to 
the ASTM Standards. In addition to the standard measure- 
ments, the reduction in diameter away from the neck after frac- 
ture was also measured (necking strain). The tensile specimens 
had a 0.250-in-diam, 1-in-long smooth section. The results are 
shown in Table 2. Smaller specimens cut from broken disks 
gave results that agreed within the limit of scattering with re- 
sults of tests on specimens cut from disks not tested by spinning. 

Disk-Bursting Tests. After heat-treatment, the upset forgings 
were machined to disks of the following dimensions: 10 in. OD, 
1'/;-in. central-hole diam, and 0.375 in. thick. Two disks 
were severely notched by saw cutting from the outside edge with a 
jeweler’s saw along a diameter to a depth of 0.7, the final 0.025 in. 
of which was 0.005 in. thick, Fig. 4. One disk had a forging 
erack of about */, in. depth in the rim, as determined by magna- 
flux, Fig. 5. One disk had a special stress concentration near 
rim, as shown in Fig. 6. The disks with cracked or slotted ri 
also had two holes at the opposite edge, as shown in Fig. 5. <a 

The disks were tested by spinning to destruction in a high- 
speed vacuum pit. The energy from the air-turbine drive w 
transmitted through a slender spindle to the disk by means of a 
tulip-type expansion adapter, Fig. 7. The speed of the assembly | 
was controlled by a hand throttle on the air supply, and was cA 
measured with an electromagnetic pickup. The speed indicator 
could be read easily to 5 cycles per sec (cps). 

The average tangential stress in the disk was calculated tt 
the bursting speed as follows: The radial force exerted by ie 
half of the disk upon the other is 

82*R*at(b? — a*) 
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Fic. 5 Rot Cracks Ovutuinep BY MAGNAFLUX 
where = revolutions per sec; a = density, pei; ¢ = thickness, 
in.; 6 = radius to outside, in.; a = radius of hole,in; andg = 
acceleration of gravity, ips wer sec. This force acts over an area 
of 

Area = t(2b — 2a) 


in the case of the unnotched disks, and over a smaller area, that 
can be readily measured, in the case of the disks with various 
stress concentrations. 

The results of the disk-bursting tests are shown in Table 2. 
The disk-strength ratio for unnotched disks is unity for ductile 
metal and less than unity for brittle material. In other words, 
for ductile metal the average tangential stress at bursting is as 
high as the tensile strength while this average stress is below the 
tensile strength for metal with less than a certain ductility. 

These results confirm the generalization made by Holms and 
Repko (10) that the disk-strength ratio ‘< unity for ductility 
values greater than 5 per cent On the other hand, this is not a 


MAY, 


ASME 1956 


+ 0.005" 
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Fic.7 Tu.se-Type Expansion Apaprer Usep To ATTacn SPINNING 
Disk To SHAFT 
completely valid generalization; Robinson (11) reports tests on 
metals with more than 15 per cent elongation in tension and disk- 
strength ratios as low as 0.7. 

The ductile disks broke into three pieces, with 45-deg shear 
fractures along radial necks, Fig. 8, except for the last inch or so 
at the outside surface. These disks apparently suffered 6 to 8 
per cent uniform reduction of thickness before local necking, ac- 
cording to measurements on failed disks away from the necked 

sas. The brittle disk broke into more than 50 pieces. The 
fracture surfaces were normal to the wheel surface. There was 
no evidence of any ductility preceding or accompanying the 
propagation of the cracks. 

For heat-treatment A, the disk-strength ratio is as high when 
a hole and short saw cut are present as when they are not; only a 
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deep saw cut in the rim causes appreciable loss of strength. For 
heat-treatment B, the presence of a notch causes much more loss 
of bursting strength than for heat-treatment A. Sharp cracks are 
apparently no more severe in this respect than a saw cut, 
Table 2. 

The slotted disk of heat-treatment A showed significant widen- 
ing of the slot after spinning at 26,400 rpm (compare Figs. 4 and 
9), and there was evidence of considerable deformation at the 
root of the slot, Fig. 9. After spinning at 27,000 rpm the disk 
had thinned to 0.357 at the root of the saw cut, and a crack 
had started. The crack was '/s in. deep on the surfaces, and 
estimated to be at least */,; in. deep at mid-thickness of the 
disk. 

The cracked disks and slotted disks of heat-treatment B ex- 
hibited brittle primary crack propagation, starting at the base of 
the crack or slot, as indicated by the chevron markings, Fig. 10. 
The secondary cracks were ductile, as in the unnotched disks. 
On the other hand, the disks of heat-treatment A with stress 
raisers present exhibited ductile crack propagation. In the 
slotted disk the crack changed from normal to 45 deg shortly 
after leaving the notch bottom. Its propagation was accompanied 


by deep necking. In the disk with the special hole-and-slot stress 

raiser, Fig. 6, the crack did not go through one saw-cut 

stress raiser, Fig. 11. The slot closed up during spinning. 
Unnorce-Benp Tests 

The specimens were */;. X 2 in. in cross section and 3 in. long. 
According to Sachs, et al. (2), the breadth-to-depth ratio (b/h) of 
2/(*/18) = approximately 11 corresponds to a biaxiality of 0.48 to 
0.50, depending on the curvature. One specimen each for heat- 
treatments A and B was cut from a failed notched disk in such 
a direction that the principal bending stress was in the tangential 
direction of the disk, and such that the transverse direction of 
bending was in the radial direction of the disk. 

The specimens were first bent to 120 deg in four-point loading 
fixtures that were especially designed for use in a furnace or 
liquid bath, Figs. 12 and 13. Then they were squeezed between 
compression heads until the machine limit of 60,000 lb was 
reached. No cracks were present in either specimen after the 
specimens had been bent flat shut, Fig. 14. This condition cor- 
responds to about 120 per cent conventional tangential strain on 
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Nortcu-Benp Tests 


Standard V-notch Charpy specimens were cut in the tangential _ 
direction of failed notched disks. The notch was usually cut ae 
across the specimen in the axial direction, giving orientation rela- _ 
tionships like those in the disk tests, but a few specimens had the _ 4 
notch in the radial direction, giving orientation relationships like — 
those in the unnotched bend tests. No significant behavior dif- 
ference was observed for the two notch orientations. 
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Bending was performed in special fixtures designed for use in a 


furnace or liquid bath, Figs. 15 and 16. The geometry of the an- 
vils and punch was the same as in a standard Charpy impact 
machine. 

The load was increased in small increments beginning with a 
load estimated to be low enough not to give any plastic strain. 
As plastic flow progressed, the load increments were decreased 
as necessary to keep the strain increments sufficiently small. 
After each load increment the specimen was unloaded and re- 
moved from the fixtures in order to measure bend angle and to 
look for cracks. 

Small angles were measured with a curvature gage, Fig. 17. 
For this application the difference between the dial gage reading 
for a specimen and for a flat plate, divided by half the distance 


with a protractor which could be read to +0.2 deg. For sudden — 
type fractures, the load-versus-bend-angle curve could be ex-— 
trapolated a short distance beyond the last point to the observed 
fracture load, thus giving the bend angle at fracture. In some 


For the most ductile specimens, the calibration curve did not go — 
far enough to read off local strain for the very large bend angles — 
observed at fracture. In these cases the approximate slope of 
10 per cent local conventional strain per 1 deg of bend angle (Fig. _ 
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between the fixed anvils, equals the tangent of half the bend = 
le. The bend angle is needed to determine the local strain at: cyte » ae 
root of the notch. Fic. 18. Large bend angles were measured 
pe: x 
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For the brittle specimens the exact moment when the crack 
started was very definite. There was a noise and sudden drop in 
load, after which a crack of considerable depth, Fig. 19, could be 
observed. For the ductile specimen, the final crack began to 
open up unobtrusively, and so the fracture bend angle was taken 
as the angle when a definite crack was first observed. The crack 
was considered to be ‘‘definite’’ when it was significantly deeper 
than the initial machining marks, which had spread open into 
characteristic “furrows,”’ Fig. 20. 

For heat-treatment B, the crack propagated in a brittle manner 
across the entire specimen, Fig. 21. For heat-treatment A, the 
crack propagated most of the way in a brittle manner, Fig. 21, but 
there was gradual tearing for a short distance at the beginning and 
end of the process. Also, there were shear lips on the sides, which 
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18) was used to convert bend angle into local strain. The values were not present for heat-treatment B. Fig. 21 shows the 
of local ductility at the bottom of the notch are given in Table 2. _ marked distortion of the cross section resulting from the large 

For the purpose of determining energy to fracture, the bend ductility associated with heat-treatment A. The lack of such 
angles up to crack initiation were converted to deflections using distortion for heat-treatment B is also shown by the other speci- 
the bending span: Deflection = ('/:) (bending span) (tan'/:bend men in this figure. The difference in mode of erack propagation 
angle). The additional deflection occurring during the propaga- _ between specimens of heat-treatments A and B is also indicated by 
tion of the crack was determined from the motion of the heads of _ the load-deflection curves, Fig. 2. For heat-treatment A there 
the testing machine. Fig. 2 shows load-deflection curves for heat- were 5.4 ft-lb associated with the initial tearing and 3.2 ft-lb 
treatments A and B. The area under such a curve is the energy accompanying the final tearing. For heat-treatment B there was 
to fracture; and these energy values are given in Table 2. no indication of any slow tearing prior to complete sudden ruptur- 


al 
4 
4 
=| 
eat 
4 


_ LAPE, LUBAHN—ON THE RELATIONS BETWEEN VARIOUS LABORATORY FRACTURE TESTS 


ows” in NotcH 
Have Openep UP Into Biunt Grooves 


ig. Thus the energy of crack propagation was less than that 
stored elastically in the system. : 


Norcu TEensiLe Tests 


The notch was a 60-deg annular V-groove cut in a 0.250-in- 
liam, 1-in-long cylindrical section. The notch had a 0.005-in. 
pot radius. The specimen diameter at the root of the notch was 
.175 in., thus giving a notch depth of 51 per cent. 

In most of the tests, only the maximum load and reduction of 
rea after separation were measured. In a few tests on ductile 
pecimens, however, the load-diameter curves were determined, 
nd the point of crack initiation was observed. These latter 

tests (Table 2) showed that part of the “ductility,’’ measured 
fter separation, is fictitious. It is due to the rim effect (6). 

The results of all the tests are given in Table 2. They show 
hat the ductility under notch conditions is much lower for heat- 
reatment B than for heat-treatment A. However, the ductility 
n either case apparently is high enough to smooth out the initial 
tress concentration, because the notch-strength ratio is very high 
or both A and B heat-treatments. This is not so for heat- 
reatment C. In this case the notch-strength ratio is far below 
he ideal value of 1.5. This must be due to a still lower notch 
uctility for heat-treatment C than for B, although the measured 
alues do not show it. (However, they are too small to be very 
eliable.) 


Discussion 


E. P. Kurer,* V. Werss,* and G. Sacas.' This paper is a 
very interesting and stimulating contribution to the evaluation 
of the old standard and of recently developed laboratory tests. 
It is evident from the paper that a large number of factors is 
responsible for any failure and, therefore, that the selection 
of a single test method is not sufficient to establish the fracture 
characteristics of a material. 

The writers would like to present a contribution concerning 
the accuracy and reproducibility of notch-tension and Charpy 
impact tests. A great number of tests of these types have been 
performed on 4340 steel at Syracuse University.* 

An evaluation of these tests revealed that considerable scatter 


4 Syracuse University, Syracuse, N. Y. 
‘ Director of Metallurgical Research, Syracuse University, Syra- 
ecuse, N. Y. Mem. ASME. 
*The work was supported by the Bureau of Aeronautics, U. 8. 
Comparison or Fracture Surraces oF Notcuep Benn Navy, under Contract No. NOas 54-424-c. The steel was hardened 
Specimens For Heat-TREATMENTS A AND to strength levels between approximately 200,000 and 300,000 psi. 
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- was encountered for impact tests, even at room temperature, 
_ while the consistency of the results of notch-tensile tests was 
much better. 


For a given heat-treatment the maximum number of parallel 


impact tests in this study was 10 and that of notch-tensile 
tests was 5. Frequency plots of such a small number of test 
values, of course, were irregular. Therefore, to achieve the de- 
_ sired statistical comparison, a large number of values was needed. 


To obtain such an expanded set of test values the following 


_ procedure was used: 


1 Each set of test data was averaged and the average value was 


assigned “zero” deviation. 


2 The percentage deviation from this value was determined 


for each test of the set. 


3 Such results of a number of sets, differing in heat-treatment, 
were plotted in the same co-ordinate system. 

Frequency plots, such as presented in Figs. 22, 23, and 24, 
herewith, were thus obtained for the impact test at room tempera- 


ture, the notch-tension test at room temperature and —100 F 


In addition, Table 3 of f this discussion lists the percent- 


Fie of test values, as derived from Fig. 25, which lie within the 


indicated deviations. 


WITHIN SPECIFIED DEVIATION FROM MEAN VALUE 


per cent +2.56 +5 +10 


Impact test (R 
Notch-tensile 


320 
Notch-tensile test RT, ~ 100 F) 


Minny From this evaluation of the test results it is evident that the 


reproducibility of a notch-tensile test performed at room tempera- 
ture and at —100 F is considerably superior to the repoducibility 
of the V-notch Charpy test. The consistency of the notch- 
tensile test performed at —320 F is intermediate. 


J. M. Lesseuus.’? This paper is of engineering interest since 
it gives a summary of the various tests which may be used in 
determining the suitability of a particular steel. 

1 President, Lessells and Associates, Inc., Boston, Mass.; Associate 
Professor of Mechanical Engineering, Emeritus, Massachusetts In- 
stitute of Technology, Cambridge, Mass. Fellow ASME. 
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The authors seem to be a little severe regarding the utility 
of the notched bar-impact test. While the values of energy can- 
not be applied directly to design, the test was capable of detecting 
the notch brittle conditions associated with certain nickel-chrome 
steels and more recently has been used a great deal in the study of 
the brittle fracture of ship plate steels. The test, therefore, 
is of considerable engineering importance. 


W. B. Ricuarpson.* Knowledge of the relations between 
various laboratory fracture tests and actual service performance 
of materials is greatly needed by designers. The writer has been 

8 Mechanical Engineer, U. 8. Naval Ordnance Laboratory, White 
Oak, Silver Spring, Md. Assoc. Mem. ASME. 
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trying to collect data in this field for use in design of missiles 
and projectiles. Lack of correlation between various tests, 
as discussed by the authors, makes development of rational 
design procedures difficult. 

One of the factors governing failure of materials used in 
projectiles is the rapid rate and short duration of loading It is 
not true shock, since the loading pulse may last about 15 millisec 
in a medium-caliber gun. In most cases the actual design is 
based on the static strength of the material, using impact and 
ductility values to check for unusual brittleness. In some ex- 
perimental designs, however, the calculated stresses have exceeded 
the static strength of the heat-treated alloy steel in the shell wall 
by as much as 15 per cent with no evidence of failure. For in- 
stance, one specimen of Aircraft Quality AISI 4340 quenched and 
tempered to a hardness of R, 42-44 was fired from a gun. The 
compressive stress in the aft portion of the hollow cylinder 
reached a maximum of at least 225,000 psi. The specimen was 
recovered and showed a slight plastic deformation of a form dis- 
cussed by Timoshenko.’ A tensile specimen of the same material 
had a yield point of 175,000 psi and tensile strength of 187,000 psi. 

As usual with simulated service tests, the foregoing test 
had several features which make complete analysis difficult, 
such as the fact that the load was compressive and also varied 
from a maximum at the base to a minimum in the nose. Our 
experience with various types of loading leads us to the belief 
that the short duration of the load is probably the most important 
single factor causing the increases in strength which we commonly 
find. 

There has been a considerable amount of research on the ef- 
fects of dynamic loads on the mechanical properties of mate- 


*“Theory of Elastic Stability,” by S. Timoshenko, Article 81, 
p. 439, “Symmetrical Buckling of Cylindrical Shell Under Uniform 
Axial Compression,’’ McGraw-Hill Book Company, Inc., New York, 
N. 1936. 


rials.."!.!2.19 Most of the results show somewhat less increase 
in the strength of the heat-treated medium carbon-alloy steels 
than our results seem to show. Freudenthal'* has a good gen- 
eral discussion of the problems involved, stressing the fundamental 
requirement for more detailed knowledge of the complete equa- 
tions of state relating stress and strain with time and temperature. 
The writer would like to see the authors continue their efforts 
to correlate results of the various laboratory fracture tests. It 
also might help if they could include a more explicit study of the 
time and temperature variables. 


Ps 

Professor Lessells’ point, that impact tests are useful for com- 
paring materials, is well taken. In general, a steel which has a 
higher impact strength will aiso exhibit better performance in 
service. 

The authors did not intend to criticize the impact test from the 
viewpoint of material selection, but rather from the viewpoint 
of its usefulness for design purposes. The designing engineer is 
usually concerned with such quantities as load or deflection at 
fracture. In only a few cases does energy to fracture enter into 
design calculations. 


1% “*The Effect of Axial Dynamic Loads on the Mechanical Proper- 
ties of Certain Steels,” by R. C. Smith, T. E. Pardue, and I. Vigness, 
Naval Research Laboratory Report 4468 (unclassified), Washington, 
D.C., 1954. 

11 “Analysis of Plastic Deformation in a Steel Cylinder Striking a 
Rigid Target,"’ by E. H. Lee and 8. J. Tupper, Journal of Applied 
Mechanics, Trans. ASME, vol. 76, 1954, p. 63. 

%2“The Tensile Impact Properties of Some Metals and Alloys,” 
by D.S. Clark and D.8.Wood, Trans. ASME, vol. 42, 1950, pp. 45-74. 

13 “Explosive Impact Tests,” by P. R. Shepler, Proceedings of The 
Society for Experimental Stress Analysis, vol. 5, no. 1, 1947, pp. 1-25. 

“4 “The Inelastic Behavior of Engineering Materials and Struc- 
tures,”” by A. M. Freudenthal, John Wiley & Sons, Inc., New York, 
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By L. V. COLWELL,' ANN ARBOR, MICH. 


_ This investigation was made for the purpose of exploring 

possible effects of vibration in grinding including those 
conditions which do not cause “chatter.” As one possible 
approach to the problem, vibrations were induced arti- 
ficially between the workpiece and the grinding wheel by 
vibrating specimens with an ultrasonic transducer. The 
results of the investigation definitely demonstrate that 
small vibrations at high frequencies can improve surface 
finish, can reduce temperature in the ground surface, can 
reduce the incidence of thermal cracks, and can minimize 
the effects of variations in hardness within a grinding 
wheel. The investigation indicates the possibility of 
applying high-frequency and even ultrasonic vibrations 
to selected operations to improve the grinding process. 
It would also appear to explain some of the well-known 
characteristics of grinding associated with the use by 
precision-grinder operators of sound or noise as an indica- 
tion of the process. 


IBRATION in grinding has received considerable atten- 

tion particularly where chatter is concerned. Chatter 

causes loss of size and finish control and obviously cannot 
be tolerated. Little difficulty is experienced with this type of 
vibration today. 

There have been several types of evidence which seem to 
indicate that vibration problems still exist in grinding even in 
the absence of the strong resonant vibrations which cause chatter. 
One type of evidence concerns the proper grinding wheel for a 
specific production-grinding job. For example, a group of center- 
less grinders may be finishing automotive wrist pins. Experience 
indicates that a particular wheel is best for this job; however, 
if one of these grinders is replaced by a new grinder of identically 
the same model and manufacture, the grinding wheel that has 
become standard for the job does not work as well on the 
new grinder as it did on the machine it replaced. After the new 
grinder has been in operation for a period of time, then the 
standard wheel does perform well. Presumably, the change in 
the machine during the so-called run-in period is associated with 
the bearings and could be a vibration problem. 

Another type of evidence that vibrations may still be effective 
in the absence of sustained chatter is the common fact that a 
skilled grinder operator literally “grinds by ear.’’ In other 
words, the operator relies on the sounds to guide him. These 
sounds are, of course, created by vibrations in the grinding zone. 
They may be wheel vibration, or some combination of wheel, 
spindle, and work vibrations. A simple survey of the intensity 
of sound at different frequencies in a grinding operation has 
shown substantial intensity at frequencies even up to 20 kilo- 
cycles (ke) which is beyond the threshold of human hearing. 


1 Professor, Department of Production Engineering, College of 
Engineering, University of Michigan. Mem. ASME. 

Contributed by the Research Committee on Metal Processing and 
presented at the Diamond Jubilee Semi-Annual Meeting, Boston, 
Mass., June 19-23, 1955, of Tae American Soctety or MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
March 1, 1955. Paper No. 55—SA-12. 


Obviously, there is much to be learned further about the influ- 
ence of vibrations on the grinding operation. The present inves- 
tigation was confined to vibrations in the range between 10 and 
18 ke. The results presented in this paper are preliminary since 
the objective of the investigation was first to determine the type 
of data and information which could be related to vibration. 
The first results were quite unexpected in nature so that the 
entire investigation was altered to determine the scope of these 
effects. 


Test EquipMENT AND ProceDURE 


The apparatus used for this study is shown in Fig. 1. The 
equipment consists of three types. First is the grinding machine 
which is a standard 8-in. X 24-in. reciprocating-table surface 
grinder with the spindle adjustable longitudinally for cross-feed 
and a vertical sliding head on the column for contro! of depth of 
cut. The second category of equipment includes numerous in- 
struments for either indicating or recording of pertinent data 
such as table speed, vibrations of various machine elements, 
temperature, spindle power, and so on. 

The third category of equipment is the electrical apparatus 
shown at the left of the grinder for inducing vibrations in the 
machine. It was established in preliminary study that the ampli- 
tude of vibrations occurring naturally in the grinder at no time 
exceeded 2 to 3/10,000 in. so that the grinder itself could be con- 
sidered to be substantially rigid and to such an extent that the 
vibratory motions between the work and wheel could be induced 
without undue effects from the natural machine vibrations. The 
electrical equipment shown at the left in Fig. 1 was used to drive 
a so-called transducer shown in the close-up of Fig. 2. 

The transducer consists of laminations of 0.005-in-thick sheets 
of pure nickel. These laminations or the stack, as it is sometimes 
called, are wound with copper wire to form a coil. Alternating 
current applied to the coil causes the nickel laminations alter- 
nately to contract and expand, giving rise to vibratory motion of 
the two ends of the stack in the direction of the axis of the coil. 
Devices of this type are in general use and the method has been 
known for a number of years. 

Work specimens were mounted on top of the stack as shown in 
Fig. 2. In this particular setup, a relatively thin steel specimen 
rests on a laminated bakelite base which in turn is held to the top 
of the stack by means of screws and Cycleweld. The Cycleweld 
was used in all junctions with the transducer. By this means, it 
was possible to vibrate work specimens at amplitudes up to 
approximately 0.001 in, at frequencies in the range from 10 to 18 
ke per sec (kes). 

In general, the test procedure involved mounting the work 
specimen on the transducer and proceeding to grind as in any 
ordinary surface grinding. All so-called conventional grinding, 
that is without induced vibration, was accomplished in the same 
manner except that the transducer was not vibrated. This was 
done so that the only significant difference between the two grind- 
ing conditions would be that of induced vibration. 


PRELIMINARY TESTS 


Initial observations were confined to surface-roughness meas- 
urements and microscopic examination of the grinding swarf or 
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Fig. 1 


FACE GRINDING 


(Electrical apparatus at left of grinder provides high-frequency power to transducer which vibrates work speci- 
Instruments to right of grinder record input power to spindle and work tempera- 
ure, 


men radial to grinding wheel. 
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TABLE 1 


RMS, 
d = 0.002 


hie 
23 
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Roughness, Microin., 
0002 d = 0.0005 


dust obtained during dry grinding. The preliminary tests made 
with a vibration range of approximately 0.001 in, at a frequency 
of between 10 to 11 ke gave some unexpected results both as to 
surface finish and apparent temperature. Table 1 isa summary of 
the surface-roughness measurements made on surfaces ground in 
the first series. It will ed that the roughness was reduced 


Fic. 2 Transpucer Wirth “Temperature” 
Specimen To Laminated Piastic Support 
(A thermocouple is imbedded in center of underside of test specimen.) 
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from 40 to 16 microinches, a re- 
duction of 60 per cent, when 
grinding hardened 52100 steel 

- with an F-grade aluminum-oxide 
wheel with the specification 
DA60-F9-V20. The depth of 
cut was 0.002 in. and the cross- 
feed was 0.050 in. A similar ef- 
fect persisted at two shallower 
cuts of 0.0005 in. and 0.0002 in., 
shown respectively in columns 5 
and 4 of Table 1. The figures 
just quoted represent the great- 
est improvement in surface finish 
observed in this series. 

In addition to the surface- 
finish improvements, micro- 
scopic examination of the grind- 
ing swarf and visual observation 
of the spark stream indicated 
lower temperatures as a result 
of induced vibration, This is 
supported by Figs. 3 and 4, al- 
though the pictures do not con- 
firm this as clearly as visual ex- 
amination in a microscope. Fig. 
3 shows a sample of swarf from 
hardened 52100 steel ground 
without vibration at 0,002 in. 
depth of cut. It should be noted 
that there is a substantial num- 

ber of spheroids, many of which are quite large. Their shape 
indicates that the material was molten. A larger percentage of 


2 
Fie, 3 Sampte or Swarr From Harpenep AISI 52100 Sree: 


Grounp Wirsovur Visration at 0.002 In. Derra or Cur 
(Note numerous large spheroids X10.) 


838 
-ly 
é 
} 
i] 
i 
Che 
— 


series of tests. 
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Wits Inpucep Vrsration at 0.002 In. Depra or Cut 


x10 


_ Fig. 4 shows the results of grinding at the same conditions ex- 
cept with induced vibration. Note a much smaller percentage 


_of spheroids and generally smaller chips. In both figures, the 
= hat blurred white blotches are particles either of abrasive 


: There was some doubt as to the significance of the improved 
surface finish and apparently lower temperature since only a very 
narrow range of grinding conditions was represented in this first 

Consequently, numerous additional tests wer: 
nade over a broad range of conditions including depth of cut 

-ross-feed, table speed, work material, and so on. The initial re- 
ults as to.improved surface finish and apparent lower tempera- 


4 : manifestation, but also in terms of residual stress, By this time 
grinding ratio also became of interest owing to the persistence of 


_ wheel to break down more rapidly. 
questions was the question as to why induced vibration created 
these effects. 


Superimposed on all thes 


Subsequent tests were designed to confirm the 


as about. 


52100 steel. 


Tue Errect or VIBRATION ON GRiNDING TEMPERATURE 


Fig. 5 shows the surface of twe specimens of hardened AISI 
The upper specimen was ground conventionally 


+ hile the lower one was vibrated. They were ground dry at a 


pth of 0.002 in. It will be noted that patches of oxides are 
visible only on the conventionally ground specimen. These are 
of the consistent pattern seen on ground surfaces when 


GRINDING 


conditions produce temperatures on the verge of being too severe. 
The pitch of the dark patches is the distance traveled by the work 
during one revolution of the grinding wheel. The work was 
traversed in a direction across the picture from left to right. This 
phenomenon was studied at depths of cut ranging from 0.0002 
in. up to and including 0.008 in. The extent of the oxide patches 
increased with the depth of cut during conventional grinding. 
They never appeared when vibration was imposed. 

Another type of evidence supported observations that tempera- 
tures with the vibrated specimens were lower; this information 
came directly as a result of collecting the grinding swarf. It was 
collected in small beakers placed at a constant distance from the 
grinding specimen and intercepting the spark stream. It was 
noted that particles of steel were fused to the wall and to the bot- 
tom of the beaker. It was further noted that the amount of ma- 
terial fused to the beaker was substantially greater when grinding 
Ti 150A titanium. Fig. 6 is a picture looking at the bottom of 
two beakers used to collect the swarf from the vibrated and con- 
ventially ground specimens. The beaker at the left was used for 
a vibrated specimen and the one at the right is from a conven- 
tionally ground specimen. It will be noted that the bottom of the 
right-hand beaker shows many black specks. These were sphe- 
roids of molten titanium which fused with the glass and were 
flattened out upon impact. Only three such fusions were found 
in the beaker for the vibrated specimen. 

Two groups of tests were conducted with thermocouples im- 
bedded in the test specimens as shown in the close-up of Fig. 2. 
Plunge-grinding tests were made in steps of 0.002 in. 2% a work 
speed of 22fpm. The test specimens were 7/s in. square by 0.125 
in, thick, with a thermocouple hole '/i. in. diam. drilled into the 
middle of the underside. The end of the thermocouple was 


Fie. 5 Views or Grounp Surraces or Harpenep AISI 52100 
(Upper surface was ground conventionally and sh ides f 
due to loaded region of wheel. Cover surface round with pga oe 
fndueed vibration is free from burned used for test was 
deliberately on on ined side.) 


spheroids indicates a generally hotter condition, or perhaps more 
appropriately, a greater quantity of heat. 
= 
| 
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Gomeie, for conventional grinding is shown in beaker at right; molten 
spheres f bottom of beaker. Cooler swarf obtained during Vibration 
did not fuse to bottom of beaker at the left.) 


resistance-welded to the bottom of the thermocouple hole. 
Initially, there was 0.030 in. of metal between the end of the 
thermocouple and the ground surface. 

The first tests were preliminary in nature and were made while 
using a Speedomax recorder. Observations were made also of 
input power. All tests made during vibration of the work speci- 
men gave definite repeatable temperature indications. On the 
other hand, the same tests without vibration resulted in varying 
peak temperatures. For example, it will be noted in Fig. 2 that a 
dark area of oxides exists near the middle of the top surface of the 
specimen. This occurred repeatedly during conventional grind- 
ing, but never occurred during vibration. When the oxides 
occurred immediately above the thermocouple, the recording pen 
of the Speedomax was unable to keep up with the rate of tempera- 
ture rise, but even so it indicated a very high temperature of 
approximately twice that occurring during vibration. On the 
other hand, when the circle of oxides occurred at some distance 
from the thermocouple, the resulting peak temperature was only 
slightly higher than during vibration. 

If it is assumed that the oxidized area was caused by local 
loading on the grinding wheel, the work speed was such that the 
oxidized area would be expected to occur repeatedly at sub- 
stantially constant pitch. Thus it would appear that one reason 
for the lower temperature observed with vibration is continuous 
and uniform breakdown of the wheel surface, thus avoiding ab- 
normal wear and resulting higher temperatures from those por- 
tions of a grinding wheel which may be duller than the average. 

A second series of temperature tests using imbedded thermo- 
couples was made with an oscilloscope to indicate the temperature 
change. The temperature curves were recorded with a Polaroid- 
Land camera with the setup pictured in Fig. 1. The results of 
these tests followed closely the experience in the preliminary 
group. A typical temperature versus time record is given in 
Fig. 7. The two curves shown were obtained from consecutive 
tests, the first by conventional grinding and the second by vibra- 
tion. During the conventional grinding the thermocouple was 
0.014 in. from the ground surface, while during the next pass with 
vibration it was only 0.011 in. from the surface and 50 per cent 
more metal was removed. The two temperature curves were 
recorded on the same negative. The reproduced curves show that 
the peak temperature for conventional grinding was approxi- 
mately 475 F. It was evident that a loaded zone, if this was the 
cause, did contact the workpiece above the thermocouple during 
the conventional grinding test. 


Errects oF VisRATION ON ResipvuaL Srresses 


It was decided to conduct one series of tests for the purpose of _ 
determining the difference in residual stress between a conven- _ 
tionally ground specimen and one ground with vibration. Not 
only are residual stresses of interest, per se, but also, itis known _ 
that the magnitude of residual tenaile stress is determined by the _ 
amount of overheating or temperature level. Consequently, oo" 


earliest indications of temperature difference pointed toward a 3 


significant difference in residual stress as between conventional — 
and vibrated grinding. 7 

Two specimens were prepared for this study. They were’/sin. 
square by 0.060 in. thick, made from fully hardened SAE — 
X 4340 steel, and were approximately 55 R.. The specimens were 
Cyclewelded to bakelite supports, which, in turn, were mounted se 
on the transducer for grinding. One specimen was ground con-— 
ventionally and the other with vibration. Both specimens 7 
ground at the following conditions: 


Carborundum DA60-J9-V20 


0.002 inch per pass (5 test passes) 
Cross-feed. . . 0.050 inch per stroke 


Fluid 


TEMPERATURE - °F 


TwE — > 
Fic. 7 Traces or Temperature Rise 1n Grounp a 
Sprectmen or AISI 4340 Steet Harvenep To 55 R, 


(Curve 2 is for conventional grinding with end of thermocouple being 0.014 _ 
in. from surface after a 0. So ae eut. Curve 1 was on su 
sequent pass with work vibra removing 0.003 in. 

Both tests were made at a table speed of 22 fpm.) 
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°f used to intercept the stream of grinding swarf. The curvature of 


the underside of the test specimens was determined before and 


Rey 4 after grinding, so that the change in curvature could be used as 


_ Carborundum A60-T3-BT wheel was used. 


a measure of the residual stress. 

It was noted that the input power was appreciably less when 
vibration was used. Similarly the watch-glass test indicated lower 
temperatures during vibration. Analysis of the curvature change 


Conventional = 38 X 10~* 
Vibrated = 26 107 


_ Another group of tests also gave good indications of difference 
in residual stress. This group was run for the purpose of compar- 
ing the effect of vibration on a resinoid wheel with that obtained 
for a vitreous-bonded wheel. For this purpose two 52100 full- 
hard specimens were ground at a work speed of 20 fpm, cross-feed 
of 0.050 in., depth of cut of 0.002 in., since these same conditions 

- had been used previously with the J-grade vitrified wheel. A 
It was intended to 
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(Badly cracked men at bottom was ground without v ti 
top ground th vibration produced residual stresses ion enough 
a? eae» full-hard AISI 52100 steel. Both 8 mens ground 
os -bonded wheel to accentuate “‘burning’’ condi- 


tions.) 
- precut five passes, followed by five test passes, as was done with 
the vitreous wheel. However, the test specimen was so badly 
 eracked and overheated after just two passes by conventional 
grinding that the test was stopped. For this reason the subse- 
- quent vibration test also was limited to two passes. The resulting 
specimens are shown in Fig. 8. The specimen at the bottom was 
_ ground conventionally while the one at the top was ground with 
vibration. It will be observed that the conventionally ground 


specimen was so severely stressed that cracks occurred in all direc- 
tions. Some of these cracks penetrate more than */;, in. below the 
surface. 

The specimen ground with vibration shows three cracks com- 
pletely across the surface and a fourth one approximately one-half 
way across. Only two of these cracks were evident immediately 
after grinding and, at that time, they had extended from one edge 
about a third of the way across the surface. Within 12 hr the 
rest of the cracks developed. These surfaces were studied under 
the microscope and it was noted that there was considerable 
localized “necking” in the vicinity of the cracks on the vibrated 
specimen. This is a rare occurrence since it is generally believed 
that fully hard steel will not undergo any elongation or reduction 
of area prior to fracture. It is a coincidence that the level of 
residual stress was such that some creeping and relaxation could 
take place. It is obvious that the level of stress in the vibrated 
specimen was considerably less than in the one ground conven- 
tionally. Further, it is obvious that vibration is effective with 
resin-bonded wheels as well as with vitrified wheels. 

In all previous tests in evaluating the effects of vibration, the 
workpiece was mounted on top of the transducer and vibrated 
radially to the grinding wheel. The question arose as to whether 
the vibration would be similarly effective if the workpiece were 

‘ibrated across the face of the wheel. Consequently, the trans- 
lucer was mounted on an angle plate so that grinding could be 
performed on what would otherwise be the side of the specimen. 
Vibration did improve the surface finish as in previous tests. 
However, it was demonstrated that the workpiece literally vi- 
brates in all directions and further that the vibration energy is 
reflected from the various surfaces of the test specimen. In other 
words the “side’’ of the workpiece showed the same manifesta- 
ions of vibration as did the top in the other orientation of the 
ransducer. Tentatively, it may be assumed that a similar at- 
empt to vibrate the work specimen parallel to the direction of 
grinding would yield similar results. 

Two '/s X '/: X 5/s-in. tips of Carboloy 78B tungsten carbide 

vere brazed to the top of cold-rolled steel supports. The two 
carbide specimens were ground with a Carborundum DA60-J9- 
V20 wheel at a depth of 0.002 in. The one specimen ground con- 
entionally developed many hairline cracks across the grinding 
rection. The specimen ground with vibration developed no 
racks. This result raised the question as to whether the cracks 
n the one specimen might not have been caused by brazing; 
onsequently, the two specimens were ground a second time using 
ibration on the specimen that had been cracked with the result 
hat the cracks were removed by grinding. The use of conven- 
ional grinding on the other specimen that did not show any cracks 

n the first grind once more produced many cracks. It is well 
nown that thermal cracks constitute a widespread problem in the 
harpening of carbide tools in industry even where silicon-carbide 
and diamond wheels are used. Aluminum-oxide wheels are never 
recommended for this purpose; yet the use of vibration permitted 
the use of aluminum oxide for grinding the tungsten-carbide tips 
without producing thermal cracks. 
Errect or VisraTION ON GRINDING RaTIO 

Most of the test results reported up to this time involve rela- 
tively little metal removal and the grinding wheels were dressed 
with a diamond prior to each test so that the wheels did not 
reach equilibrium during these tests. In any event, the grinding 
ratio was determined for a number of them by chemical analysis 
of the samples of swarf. These results varied from a higher 
grinding ratio for vibration compared to conventional grinding 
to substantially less than that obtained for conventional 
grinding. However, it appeared generally true that vibration 
caused more wheel breakdown than conventional grinding. 


"REQUENCY VIBRATIONS 
if, 


TRANSACTIONS OF THE ASM 


One series of tests was devoted entirely to a study of the effects 
f vibration on grinding ratio. The results of this series are re- 
pets in Table 2. Two specimens of hardened 52100 steel were 
ground, one conventionally and one vibrated. Fifty-eight test 
passes were made on each specimen. Four samples of swarf were 
collected in each case. The first sample involved only one pass 
across the work. The second sample consisted of the next two 
passes, the third sample included the next five passes, and the 
fourth sample included the next 50 passes. All eight samples 
were analyzed by chemical tests after reducing the oxides in a 
hydrogen atmosphere. It will be noted that the grinding ratio 
_as shown in the third column of Table 2 increased from 5.8 to 39.8 
in the successive samples obtained for conventional grinding. 
Similarly, the ratio varied from 2.18 to 24.35 for the vibrated 
specimen. It is probable that the two higher figures in each series 
are the most representative; that is, the grinding ratio for con- 
ventional grinding was approximately 40 as compared to — 
mately 25 for the vibrated specimen. 


volume of metal 


No. of passes Grinding _ 
volume of abrasive 


in sam ratio 
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THEORETICAL ASPECTS 


Laboratory tests demonstrate without question that vibrations 
at ultrasonic frequencies during grinding affect the temperatures, 
the residual stress, the roughness of the ground surface, and the 
effective condition of the grinding wheel. These things having 
been observed, it appears there should be some theoretical basis 
for predicting such results. 

Geometry of Grinding. First, let us consider the geometry of a 
grinding cut. C. T. Yang and M. C. Shaw* have reported the 
following equations expressing the theoretical length and thick- 
ness, respectively, of the chip taken by an carmen grain during 


grinding 
l= VDdin.... 
_ where D = wheel diameter, in. and d = depth of cut, in. 


a3! 


vee 


wheel diameter, in. 
depth of cut, in. 
work speed, fpm 
wheel speed, fpm 
number of abrasive grains per sq in. of wheel surface 
ratio of width to depth of grinding scratch 


The significance of these quantities is given in Fig. 9(a) showing 
the theoretical proportions of a grinding cut without vibration. 
Calculations using these equations are given in Tables 3 and 4. 
Table 3 contains values of the theoretical length of are of con- 
tact for depths of cut ranging from 0.0002 to 0.008 in. For ex- 
ample, the length of contact is 0.049 in. for the 0.0002-in. depth 
of cut and 0.310 in. for the 0.008-in. depth of cut at the other 
extreme. The third column of Table 3 gives the time of contact 
of the abrasive grain during its traverse of the contact surface 


inaily “2 "The Grinding of Titanium Alloys,” by C. T. Yang and M. C. 
‘Shaw, Trans. ASME, vol. 77, 1955, pp. 645-660. 


TABLE GRINDING-RATIO STUDY 


MAY, 1956 
based on a wheel speed of 6000 fpm. The times are given in 
microseconds or 0.000001 sec. It will be noted that the times vary 
from 41 up to 258 microsec for the range of depth of cut given in 
Table 3. 


TABLE 3 THEORETICAL LENGTH OF CONTACT, ! 


(Between abrasive wheel and work) " 


Depth cut, d, of Time of 
microseconds 


0.0080 


Length of contact! Dd 
1 Wheel diameter D = 12 in. 
TABLE 4 THEORETICAL THICKNESS OF CHIP, 
(Depth of eut = 0.0005 in.) 
hip thickness, microi 


Parallel to 
work speed? 


Minimum 
80 
*¢=v/VVC 
ot = VDC 
where 


ips = 1200 
w 8 ips 
depth of cut, in. = 0.0005 
- wheel diameter, in. = 12 
grain/sq in. = 
ratio of mean width to depth of scratch = 10 


The values in Table 4 are theoretical chip thicknesses which 
occur at table speeds from 20 to 80 fpm, a typical range for sur- 
face grinding. The figures in the second column are values of X 
as shown in Fig. 9(a). These are given in microinches and might 
be considered to represent an approximate upper limit for the 
thickness of chip. The third column contains a set of numbers 
designated as the minimum thickness cf chip based on the im- 
probable situation wherein all of the abrasive grains are lined up 
one behind the other in the direction of cutting velocity. The 
last column designates a probable thickness based on Equation [2]. 
It shows a range from 55 to 110 microinches for the work-speed 
range of 20 to 80fpm. The two facts that appear to be most sig- 
nificant in Tables 3 and 4 are the very short time of contact and 
the unusually small thickness of chip. 

Initially it was believed that change in direction of an abrasive 
grain relative to its unvibrated path might be responsible for the 
effectiveness of vibration since it was theorized that a change of 
direction could either prevent the formation of built-up edge or 
more readily remove it. This appears unlikely when one analyzes 
a vibration with a range of 0.001 in. at a frequency of 10 kc. 
Fig. 9(b) is a velocity diagram drawn to scale relative to the 
theoretical, unvibrated path. It indicates that the velocity of the 
lateral or vibratory motion does not exceed '/, that of the whee! 
speed. A similar diagram could be drawn to scale for the dis- 
placement; however, this would show even less deviation than 
the velocity diagram of Fig. 9(b), when it is recalled that the dis- 
placement is multiplied by the angular frequency to obtain the 
velocity. 

An exaggerated path diagram is plotted in Fig. 9(c), where the 
lateral motion due to vibration is greatly expanded in relation to 
the movement along the path of contact. It will be recalled from 
Table 4 that the maximum chip thickness at a depth of cut of 
0.008 in. would be only 110 microinches or approximately 0.0001 in. 
Consequently, if the work being ground is actually vibrated over 
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a range of 0,001 in. relative to the grinding wheel, then it simu- 
lates a condition wherein the abrasive grain dips down toward the 
_ work, cuts for a short distance, and then leaves the workpiece 
entirely. 

Consider what this behavior would mean with a depth of cut 
of 0,008 in. at the grinding conditions represented in Table 4. 
It will be recalled from Table 3 that this depth of cut would eause 
an abrasive grain to be in contact with the workpiece 258 micro- 
sec during steady-state or nonvibrated grinding. The period of a 


bee : half-cycle at a frequency of 10 ke is 50 microsec. Thus, at the 


conditions represented in Fig. 9(c), a single “dip” would involve 
appreciably less than 50 microsec, Assuming that an abrasive 
grain had made one such dip it would then start another just 
100 microsee after beginning the first one, and so on, so that as 
many as three such dips could be made in a single traverse at a 
depth of cut of 0.008 in. 
other characteristics of the conditions just described serve 
to explain the observed reductionsof temperature, First, it will be 
noted that the abrasive grain cuts for approximately 20 microsec 
at the 0.008 in. depth, during a single dip, then leaves the work 
_ for the remaining 80 microsee of a given cycle before beginning 
the next dip. Thus, even at this extreme depth of cut, the work- 
piece has a period of time to cool off. This period is four times 
as long as the interval during which heating tcok place. With 
- conventional grinding the work would be exposed to the high 
_ temperature continually during the traverse of an abrasive grain. 
The other significant characteristic is the fact that an abrasive 
grain in making successive passes across the contact surface would 


Fic. 9 GromerricaL RELATIONSHIPS IN GRINDING 
(Vibrations assumed to be 10 ke with a range of 0.001 in.) 


achieve randomness in the thickness of chip it would remove. 
This thickness would vary from zero to at least twice that indi- 
cated in Fig. 9(c). Consequently, the amount of energy required 
to cut 4 given volume of metal would be reduced. The tempera- 
ture level would drop as a result of the reduction in the total 
amount of heat released. Wattmeter records appear to confirm 
this conclusion although part of the observed reduction in power 
requirements could have been brought about by increased average 
sharpness of the abrasive grains. 

Professor Shaw? also reports Equation [3] as representing the 
peak temperature in grinding. This is presumed to apply for 
steady-state conditions within a moving heat source. Conse- 


quently, it makes no specific provisions for time-dependent varia- varia- 
+40 
where 
k, = thermal conductivity of abrasive eat nl. 
Pst, = volume specific heat of abrasive nil; Steal 
u, = friction energy unit volume of metal cut, pci prod stein’ 
A = area of contact between chip and abrasive grain, sq in. 
6 = ambient temperature of abrasive 
the source itself. However, it is to be noted that the peak tem- 
perature increases as the square root of the length of contact. 
Thus, if the time value of the dip, shown in Fig. 9(c), is com- 
pared as a length of contact with that of a complete cycle, then 
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peak temperature would be reduced to 45 per cent of what it 
would be for steady-state cutting. This is at least of the same 
magnitude as that determined experimentally and shown in 
Fig. 7. 

Effect of Vibrations on Abrasive Wheels. Data on grinding 
ratio plus the observed improvements in surface finish point to 
altered condition of the grinding wheel as another result of the 
ultrasonic vibration. Probably any such effects can be ascribed 
directly to the magnitude of acceleration which for the conditions 
of most of these tests was approximately 5000 times the accelera- 
tion of gravity or 5000 g. It is quite impossible to predict these 
results quantitatively without knowledge of the properties of both 
the work material and grinding wheel at such high accelerations. 
It is not entirely unexpected that the grinding wheel would break 
down more rapidly or even that individual abrasive grains them- 
selves might be fractured rather than torn from the wheel. 
Studies of grinding ratio have confirmed varying degrees of more 
rapid wheel breakdown, particularly just after redressing. 

In ordinary grinding practice, the surface roughness frequently 
is greater immediately after dressing than sometime later when 
the wheel has reached equilibrium. In this case, however, the 
greater wheel breakdown accompanying vibration also is accom- 

panied by improved surface finish. This would appear tob be due 
to two things: 


1 Fewer and smaller built-up edges. 
2 Continuous, uniform redressing resulting from fragmenta- 


tion of individual abrasive grains. 


Both of these are logical results of the high accelerations 
achieved at ultrasonic frequencies. 


CoNCLUSION 


There is little doubt that high-frequency vibrations can pro- 
duce desirable results in grinding. However, much more work 
needs to be done to clarify the mechanism of its effectiveness. 
Considerably more than that needs to be done to learn how to 
apply it to industrial grinding. It is fascinating to consider that, 
even now, we may be deriving the benefits of ultrasonic vibrations 
in industrial grinding without knowing it. 
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>. Discussion 

Ww. R. Backer’ anp Hans Ernst.‘ This paper presents some 
interesting data on the utility of controlled vibration in the 
metal-cutting process. Several of the reported effects of vibration 
on the grinding operation, such as the improved finish and re- 
duced workpiece damage due to heating, lend positive support to 
commercial application of this principle. Others, including more 
rapid wheel wear and the technical difficulties of inducing the 
vibrations, in controlled direction and at useful energy levels, 
may detract from the value of its commercial use. 

The test results presented are of a survey nature, and it is 
hoped that further work is in progress. The tests on surface 
finish show little advantage on 1020 steel compared to the harder 
materials. The question arises as to whether the process is sig- 
nificantly advantageous on softer workpieces. There is also a 
question on the vibrational amplitude obtained in the tests. If 


3 Senior Research Engineer, The Cincinnati Milling Machine Com- 
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the amplitude measurements were made prior to grinding, the 
amplitude obtained during the actual cut may have been con- 
siderably reduced, because the transducer then had to oppose the 


a 


over-all rigidity of the wheel-work-machine system. Further 
data on vibrational amplitude and frequency effects are also de- _ 


sirable. 


The effect of vibration on grinding ratio is very interesting, and a 


the author’s explanation of the higher wheel wear is plausible. — 


The improved finish and lower temperatures may likewise be 
associated with this “redressing” of the wheel by the vibratory 
force. 


“softer’’ wheel giving comparable grinding ratio. 
that a softer grinding wheel (one with more friable grits or weaker | 


bonds) usually provides a freer cutting action, with less “sare ay 


An interesting test would be the comparison of the re- _ 
sults obtained with vibration, to those when grinding with a 
It is well known by 


and consequent damage of a hard workpiece, because of the more — = 
rapid breakdown of the wheel by shattering or breaking out of the _ 


grits as they become dull. 


Corroborative evidence that rapid radial motion between a : 


wheel and work (radial vibration) may cause more rapid wheel - 


breakdown was given by an experience in the writer’s laboratories 5a pa 


during the development of grinding-machine spindle bearings. 


With an improved type of bearing which provided a more con- , 


stant axis of rotation (and therefore a more constant position of s 2 


wheels one to two grades softer than previously used with con- ia 
ventional! bearings, in order to provide comparable grinding con- Ge 


ditions. 


In applying high-frequency vibration to practical grinding _ 


operations, numerous problems will arise. In addition to the 
problem of higher wheel wear (and consequent higher wheel costs ) 
already 


mentioned, there is the problem of providing a transducer _ 


of sufficient power to excite a full-sized workpiece; the power re-_ ‘ 


quirement would be reduced, however, if further tests show that 
vibration in the direction of the wheel axis is equally effective. 
The vibration frequency must be considerably higher than the 
resonant frequency of any significant elastic system iv the ma- 
chine, to prevent marring the workpiece. 
above the sonic range (say, about 20,000 cycles per sec) in order to 
avoid objectionable noise. 

On the positive side, corroborative evidence that high-fre- 
quency vibration may advantageously affect a metal-cutting proc- 
ess is given by our experience some years ago with vibration ap-— 
plied to other forms of metal-cutting tools. In a series of experi- 
ments in 1934, in which a longitudinal vibration with a frequency 


of 1500 vps and amplitude of about 0.005 in. was applied to a | 
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___ planer-type tool, it was found that a heavy chip could be formed 
by merely pressing a workpiece against the tool by hand, an ob- 
vious impossibility without tLe vibration. From the accompany- 
ing illustration, Fig. 10, it will be seen that the cutting ratio (as 
shown by the chip-length ratio and the chip-thickness ratio) was 
- approximately equal to unity, thus indicating that the effective 
friction between chip and tool face was extremely low. Later 
studies with vibrations at ultrasonic frequency have similarly 

shown an appreciable increase in cutting ratio. 
rr We hope that the author will continue his work in this interest- 

_ ing and potentially useful field. 


R.S. Hann.’ The author has certainly discovered some very 
interesting and important effects. The work of the author may 
_ have industrial application on one hand, and on the other may help 
_ in understanding the basic details of every-day grinding opera- 
tions. 
The results obtained by the author may be further explained 
sy _ by focusing attention on the important part the clearance sur- 
: 2 ee face (i.e., the surface on the grits generated by the dresser dia- 
es ae mond) of the grit plays in the grinding process. It is possible to 
explain the soft or hard action for the vibrated and nonvibrated 
- conditions, and the attendant change in grinding ratio, burn, and 
finish on happenings at the clearance surface. 
The author shows in Fig. 9(b) the velocity of a grit relative to 
- the work. Although the actual normal velocity may be relatively 
small, on the “going into the work” stroke very appreciable effec- 
tive negative clearance angles occur (in this case tan~! 1/29). 
On the “going out of the work” stroke the effective clearance 
angles are naturally positive; i.e., during one half of the cycle 
there is interference on the heel of the grits and during the other 
half there is clearance. 
The action observed can be explained by supposing that during 
_ the in-stroke when interference occurs on the “heel” of the grit, 
naa the heel spalls or flakes off either as a result of stress or of highly 
localized temperature, or both. It is known that wheel wear dur- 
ing certain precision-grinding operations often amounts to some- 
Re ie thing around 0.001 in. Thus whole grits cannot be tearing loose. 
_ The writer has also observed* that wheels dressed at a small 
diamond lead actually become “sharper” as they are used after 
ressing. This again suggests a breaking down of the heel of the 
grits, thus relieving the interference. 
As a result of the foregoing it is natural to expect the grinding 
~ ratio to be lower (i.e., more wheel wear and a softer action). 
Furthermore, since the dimension of the rubbing area of the grit in 
the direction of motion will be reduced by spalling off of the heel, 
the temperature developed will be less according to the moving 


"source theory.? 
. The tests described by the author were performed on a surface 


(wheel depth of cut) and then to take passes of the table simul- 
taneously with increments of cross-feed. Under these conditions 

: heavy forces are induced near the leading edge of the wheel with 

me. Messer ones near the trailing edge. If the wheel is free-cutting by 
i= virtue of a comparatively small amount of interference on the heel 
es of the grits, the nonlinear distribution of induced force across 
; the wheel width will differ from the distribution for a hard acting 
_ wheel or under nonvibrating conditions. The surface roughness is 
likely to depend on these force distributions. In the case of a 
free cutting action (soft) it seems reasonable to expect a lower 


5 Research Engineer, Heald Machine Company, Worcester, Mass. 
Mem. ASME. 
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™ *The Relation Between Grinding Conditions and Thermal 


Damage in the Workpiece,” A R. S. Hahn, — in this issue, 
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surface roughness since the finishing grits at the trailing side of 
the wheel will be under less force. It would be interesting to 
compare the roughness for cases where the wheel cuts its full 
width in one pass of the table. 


R. O. Lang.’ The writer would caution future investigators to 
consider carefully the following: 1 The different types of abra- 
sives available from all leading companies. 

2 The structure or structures of grinding wheels used in the 
test. 

3 Variations in types of bonding of the abrasive particles. 

4 Degree of uniformity of any or all wheels used in all investi- 
gation. 

It is possible to have erroneous results from improper wheel 
selection on a given metal being investigated in lieu of the so- 
called correct or proper wheel selected. 

The author is to be complimented on the presentation of a very 
fine paper. 


L. P. Tarasov. This excellent pioneering study shows 
clearly that high-frequency vibrations can reduce the heat gen- 
erated in grinding. This has been found to be accompanied by a 
reduction in the grinding retio, which is the same as an increase in 
wheel wear. It has long been known that a change to a softer 
wheel (containing less bond) will generally also reduce both the 
heat and the grinding ratio, and the question naturally arises as to 
how much of the effect of vibration on the generation of heat was 
due to the drop in grinding ratio. 

The observed effects of vibration are very pronounced with re- 
spect to heat generation, much more so than might be expected 
from the simultaneous changes in grinding ratio. Hence it is 
probably correct to assume that vibration can affect heat genera- 
tion independently of grinding ratio, but it would be desirable to 
verify this experimentally. This could be done by repeating the 
experiment without vibration and using a sufficiently softer wheel 
so that the grinding ratio would be the same as for the harder 
wheel used with vibration. A comparison of heat effects would 
then show the direct effect of vibration. 

The entirely different appearance of the cracks in the two speci- 
mens in Fig. 8 of the paper shows that there was some differance 
in the effect of grinding, with and without vibration, but it is 
doubtful that this can be ascribed to vibration on the basis of the 
evidence presented. Practically nothing is known about the de- 
tailed mechanism of formation of such cracks, but both crack 
patterns shown are typical of those often seen in nonvibrated 
badly cracked specimens. Only a few cracks are present in the 
upper or vibrated specimen but they are much wider than those 
in the other one. The crack width is some measure of the stress 
that was relieved elsewhere in the surface when the crack was 
formed. Just as much stress may have been relieved by the for- 
mation of the very few wide cracks in the upper piece as by the 
numerous narrow cracks in the lower one, and no light is thrown 
on the relative magnitude of the stresses prior to cracking. 
Hence no conclusions can rightfully be drawn from a comparison 
of these two crack patterns other than that the stresses were in 
some way different. The crack width, for example, might be de- 
termined by the nature of the stress gradient perpendicular to the 
surface, but this is only a speculation. A far more detailed under- 
standing of the relationships between surface cracks and stresses 
will be necessary before the former can be used even as rough 
measuring sticks for the latter. 

It might also be mentioned that the observed necking or plastic 
flow is not surprising in view of the marked softening of the steel 
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to a depth of several thousandths of an inch, as judged from the 
severity of the burn pattern. The deformation occurred in steel 
tha* may easily have been softened to Rockwell C50. 

The writer would like to suggest that a simple way of determin- 
ing relative heat effects such as are of interest here is to measure 
the depth of grinding burn; i.e., the depth to which overtempering 
caused by grinding heat can be detected in hardened steel after 
suitable sectioning and etching. It is just as quantitative as the 
thermocouple method, which measures the average temperature 
in a layer located a considerable distance below the ground 
surface. 


AvuTuor’s CLOSURE 


_ Thanks are due to all those who have contributed discussions 
of this paper. Their contributions represent serious thought, 
and the many suggestions are definitely useful in interpreting 
observations whose causes are not yet clearly defined. The 
closure will take up the several questions in the order that they 
were raised by the discussers. 

First the comments by Mr. Backer and Mr. Ernst. It should 
be emphasized that this paper was not in any sense intended to 
promote commercial application of high-frequency vibrations in 
industrial grinding, although some applications would seem to be 
feasible. Instead, it was believed that the observations made in 
this study help to explain many of the phenomena well known to 
precision-grinder operators under the general heading of “grind- 
ing by ear.” The author agrees with the discussers that attempts 
at commercial application where such vibrations do not occur 
naturally to significant extent will be met with complex problems 
of both a technical and economic nature. Such problems might 
very well prevent practical use in some areas. 

It was pointed out by Mr. Backer that there might have been a 
substantial attenuation of amplitude of vibration during actual 
cutting. The amplitude of the work was not monitored during 
these tests, but it is doubtful that there was any significant attenu- 
ation since it will be recalled that the accelerations were of the 
magnitude of 5000 “g’s,’’ or in other words, 5000 times the accel- 
eration of gravity. Consequently, the forces developed by the 
transducer are also very large, about 500 Ib in this case, so it 
would not be expected that grinding forces, which are also rela- 
tively low, would have any appreciable effect. Rather, it is to be 
expected that power limitations would assert themselves before 
any difficulties from limited force capacity would arise. Even 
so, there could be rather little power demand from the transducer 
in the grinding area except where there was a large coefficient of 
friction to convert this energy into heat. The earlier investiga- 
tion reported by the discussers as illustrated in Fig. 10 would 
appear to confirm the assumption that the amplitude would not 
be attenuated appreciably by the act of grinding. 

Attention also was called to the fact that softer wheels break 
down more rapidly, resulting in a sharper average condition for 
the abrasive, and that this can be expected to reduce cutting tem- 
peratures. That observation is also most certainly true and it is 
difficult to say as to how much the temperature reduction ob- 
served in this test was due to sharper abrasive and how much 
was due to shorter exposure to the peak temperature created 
where vibration was superimposed. 
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Mr. Backer referred to the difficulties that may be encountered 


in attempted commercial application of high-frequency vibra~ = 


tions to grinding. Certainly the number and complexity of rere 
tion. It can be expected that considerable development effort — 
will be required before extensive use can be made, if at all. 
Despite the magnitude of the development problems, it is believed _ 
that commercial application to such operations as the grinding of _ 
carbide tools can be made almost immediately with little develop 
ment effort. Other and more complex operations may come in _ 
due time. : 
Dr. Hahn has called attention to what might prove to be a 
very important aspect of this problem. He points out that the 


relative motion between the work and the wheel caused by the a . x 


vibration creates interference on the approach between the work _ 
and the heel or flank of the abrasive grain since diamond dressing __ 
is known to produce substantial areas of zero relief. It is quite 
possible that this interference, coupled with the high accelerations, — ; 
does remove such interfering material, thus accomplishing two ee 
desirable effects; one, a resharpening of the abrasive grain, and 
the other, a reduction i in the amount of rubbing and associated — 
heating. 
Mr. Lane reminds us that this investigation covered a very _ ec 
limited range of bonded abrasive properties and grinding con- ‘g 


ditions. This fact leaves doubt as to the extent to which high- e aia 


frequency vibrations would bring about desirable results over the © 
broad ranges of these variables. 
investigations as are desired for commercial purposes will eventu- _ 


ally be made, and one would expect further clarification of the —__ an 
mechanism from tests conducted at substantially different con- = 


ditions. 
The author was pleased to learn that Dr. Tarasov has arrived 


at substantially the same conclusion—that vibration does have a 


an independent effect in reducing the temperature, but, as he 
pointed out, this conclusion can be further confirmed by tests 
with softer wheels which will give about the same grinding ratio __ 
as a harder wheel with superimposed vibration. F 
It is regrettable that the photographs of the cracked specimens __ 
as shown in Fig. 8 are poor. Dr. Tarasov got the impression that _ 
the cracks in the vibrated specimen were much wider than in the 
nonvibrated specimen. As a matter of fact, the exact opposite _ 
is true, and what appears to be a wide crack in the upper half of _ 
Fig. 8 is in reality a shadow created by angular lighting and 
noticeable localized necking or plastic flow in the vicinity of the _ 
crack. It is the belief of the author that it was a coincidence 
that the residual stress level in the vibrated specimen was almost 
identically that of the yield or fracture stress of this material. 
A somewhat higher stress level presumably would not have re- 


sulted in sufficient time for a substantial amount of plastic yield- : =. 


ing to take place. The author believes that this interpretation 
is confirmed by the fact that the cracks in the nonvibrated speci- 
men occurred almost instantly during grinding, whereas none of 
the cracks in the vibrated specimen showed up until quite some 
time later; there was one small short crack within an hour and ~ 
the rest of the cracks developed within the next 24 hours. The © 
author wishes to thank Dr. Tarasov for his helpful suggestions — 
as to additional techniques which can be used to refine the infor- 
mation that can be obtained from an investigation of this type. 


problems will increase with the complexity of the grinding opera- ae ¢ 


It can be expected that such ri = 3 
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Grinding chips are classified into five types depending 
upon their relative thickness-to-length ratio and equa- 
Wy tions are derived for computing the length or thickness of 
chips of all types for external, surface, internal, and 
_ plunge-grinding operations. Representative experimental 

grinding data are presented and discussed to illustrate 

the use of the equations and to emphasize the importance 

of chip thickness as a grinding parameter. The force on a 
‘ single grain is derived and the result applied to explain 
relative wheel hardness. 


NoMENCLATURE 


Be The following nomenclature is used in the paper: 


+ if opposite direction to V 
ee - V = wheel speed, fpm 
1 = undeformed chip length, in. 
D = wheel diameter, in. 
+ for external grinding 
© for surface grinding 
— for internal grinding 
diameter of trochoidal path cut by ahessive 
grain 
undeformed chip thickness, in. 
wheel depth of cut, in. 
infeed per pass or revolution, ipr 
mean number of cutting points per sq in. 
ratio of mean chip width to chip thickness 
distance between successive grains on wheel 
surface, in. 


Dw = work diameter, in. 


2u 
VCrt 
infeed rate in plunge grinding 
VCrdx/ Dd 
quantity that varies between 1 and 2, depend 
ing on value of v/V 


= constants 


pitch on workpiece = 


nondimensional group = 


work width, in. 
mean width of groove cut by single grit, in. 
tangential force on wheel, Ib 


radial force on wheel, lb 
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ma F, = tangential force on individual grain, tb 
Shes F, = relative grain force, sq in. 


2 
curvataré difference = — , (in,)~* 


= small angles subtended at of wheel 

a work, respectively, by undeformed chip 
length (1) 

rate of metal removal, in.* 


per min 


ground surface,in. 

0.018 


By 
V1 + D/Dw 


(5% discrepancy ) et 


1 


Bu 
V1+D/Dw 


V1 + D/Dw 


Value of B for t/d = 1: 


Value of B for p = 1 (case IV): Biy = 


2p 
Per cent difference between D, and D = V (1 + D/Dw) X 100 


Force per grain = F, = 2ué*r 


Relative grain force = F, = = 95 (1 + D/Dw) oi 


INTRODUCTION 


% tk, While it has long been known that the thickness of the individ- 


ual chips that are produced in a grinding operation is an impor- 
tant variable (see later section for historical survey) it was not 
until relatively recently (1, 2, 3)* that the significance of this 
variable with regard to grinding energy and surface temperatures 
was demonstrated. 

In reference (1) a dynamometer for measuring separately the 
radial and tangential grinding-force components was described 
and representative results for surface grinding presented. Sim- 
pler, more sensitive, and more rugged instrumentation for measur- 
ing grinding forces subsequently have been built for reciprocating 
and rotary surface grinding as well as for internal grinding and 
plunge grinding with abrasive belts. A representative surface- 
grinding dynamometer of recent design has been described (4). 

In the second paper (2) the specific energy or energy consumed 
per unit volume of meta] removed in grinding (u) was found to be 
an important quantity which is defined as follows 


v = work speed 


* Numbers in parentheses refer to the Bibliography at the end of the 


h = mean height of imperfection left behind upon 4 oy 


-2(1 + Bun 
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= tangential component of force on grinding wheel 
= width of cut 
= wheel depth of cut 


This quantity was found to be a strong function of the maximum 
undeformed chip thickness t, which for the surface-grinding ex- 
periments considered in reference (1 and 2) was found to be 


D = wheeldiameter 


ea C = number of cutting points per square inch on face of wheel 


i as determined from a soot track 


i 7 = ratio of mean width of cut to depth of cut produced by an 


individual abrasive grain as determined from a taper 


section of a ground specimen 


a 
The relation between u and ¢ for a reciprocating surface grinding 
operation is shown in Fig. 1. Here the specific energy is seen to 
rise rapidly with decrease in ¢ and then to remain constant with 
further decrease in ¢. 
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VaRIATION oF Spgeciric Grinpinc Enerey (u) Maxi- 
muM Tuickxness (t)—From Rererence (2) 


Fia. 1 

In this paper the equations for chip length and chip thickness 
for internal and external grinding operations will be derived, and 
changes in the previous analysis that are necessary when o/V be- 
comes large or d very small will be considered. These results will 


then be used to explain certain experimental grinding data. 4 


(c 
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Fic. 2 Cures Propucep Durine (a) Surrace GRINDING, (6) 
EXTERNAL Commnat AND (c) INTERNAL GRINDING OPERATIONS, © 


thus eliminating T 


B = 
V 


or, from Equations [4] and [7] 


Are OA is very nearly equal to the chordal distance OA corre- pat ' 


sponding to a penetration of the two circles by an amount i 
Neglecting second-order terms aN 


and hence for external grinding 


Similarly, for internal grinding, Fig. 2(c) 


UnperorMep Cup Lenora 


In Fig. 2(a) is shown the surface-grinding case previously con- 
sidered (2). In this instance the undeformed chip length |, was 
found to be 


Fig. 2(b) is for external grinding (where »< V). If the work 
were stationary the arc of contact |, would be OA, but since the 
work also moves it will extend the additional distance AB. Hence 


If T is the time it takes the wheel to travel distance OA, then 


It is worth noting that a general expression can be written that — 4 ; 
holds for all types of peripheral grinding if certain conventions are B) 
adopted. This equation is 


Dw is infinite for surface grinding ee 
Du is positive for external grinding 
v is positive for up grinding (v and V in opposite directions) a 


v is negative for down grinding (v and V in same direction) _ Z 
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Of course (v/V) may be neglected since in deriving this equation 


sit was assumed » << V. 


Equation [12] is for case (I) of Fig. 3 were distance AB << OA. 


_ In this instance chord OA is given by Equation [9], and the value 
_ of l by Equation [12]. The other cases of Fig. 3 are for progress- 


ing greater values of v relative to V. If we consider the last case V 
where AB > OA it is evident that chord OA is twice as great as 


_ that for case I and hence for case V 


| Dd 
l= OA + AB (1 +2) [13] 


_ This equation also holds for case IV, but for other intermediate 
- eases the coefficient on the right side of the equation will be less 
than 2. In the general case which covers all conditions of Fig. 3 
Dd (: 


1 + D/Dw 


_ where K is a constant that varies from 1 (for case I where AB << 


OA) to2 (for casesTV or VwhereAB>QOA) 


3 Types or Carrs Propucep Wuen Work Sperep (c) Is 


of Fie. 
INCREASED ProGRessIvELy RELATIVE TO WHEEL SPEED 


wd) 


SHAW-—-CHIP THICKNESS IN GRINDING 


Equation [14] is the most general expression for chip length J, 
and holds for chips of all size and for internal, external, or surface 
grinding if the conventions listed under Equation [12] are fol- 
lowed. 


UnperorMep THICKNESS 


In deriving Equation [2] it was assumed that distance CB was 
very small compared with distance OB (i.e., »<< V). For such a 
case, Fig. 4, the maximum chip thickness ¢ is 


t = BG = CB sin 0 


but 


hed 

FAH 


since AB << 1. 


t 


Fie. 5 Mean Suarez or Curp Corresponpine To Fig. 4 

If there are C cutting points per square inch on the wheel face 
and the average chip is as shown in Fig. 5, having a width (b’),* 
then the distance between successive cutting points on the wheel 
face is 1/(b’C). The corresponding distance on the work surface 
will be v/V times this value and hence 


However, we may write 


depth of cut, and ¢ is the maximum chip thickness. 
Combining Equations [15] to [19], inclusive, we have 


qubstituting for | (surface 
noting that here v << V 


e= 


4vl 
vcrD 
grinding) from Equation [12], 


If Equation [21] is applied to a case where v is relatively large 
compared with V, it sometimes happens that the predicted value 
of ¢ exceeds d, which is unreasonable. The difficulty lies in the 


® While actual chips will vary in width along their length rather than 
being of constant width b’, it is convenient that we choose for our 
model statistical chip one of constant width. This picture simplifies 
the calculations since triangular regions of metal are then not left be- 
hind on the surface to be removed by later grains. A treatment such as 
that presented here assumes that all chips are the same and the fact 
that there is really some variation from chip to chip is assumed to 
alter the results very little on a relative basis. The assumption that 
the mean chip is of constant width would appear to be consistent with 
adoption of a mean chip in the first place. 


= 
CE 
is 
BE = AB) 
B 
i ae + where, as previously mentioned, r is the mean ratio of width to a 
3 (Quantity p is distance work moves between passage of successive grains.) Be  &§ 
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fact that in deriving Equation [21] certain assumptions were and therefore... 

made which are not justified unlessv<<V. Fig. 6shows a case 2B 

for surface grinding where CB is large as a result of v being rela- ht. soeleia . 

tively large. The former method takes distance BG as equal to 

which in this case is a poor approximation, being too large by the ani) 


If B << t/d (ie., if v << V) the second term on the right sid ‘ e 
Equation [30] may be ignored and then Equation [30] anal is 
to Equation [21] for surface grinding. 
The foregoing derivation may be extended to external and i in- 
ternal grinding by a similar althougi: more tedious analysis. — 
When this is done we obtain 


Dw 


| 


Fic. 6 Cure Taickness in Surrace Grinpinc (v) Is Nor 4v ld(1 + D/Dw) 
RELATIVE To (V) | D = 


This equation holds for all types of grinding when the conven-— my ; 
tions following Equation [12] are adopted. The limiting value of fom 
B, beyond which use of Equation [33] in place of [32] will lead — 

to an error in excess of 5 per cent is ne 


amount GH. Even though the expression for BH is more com- 
plex than that for BG, it must be used in finding ¢ in this case, 
and 


D 
t = BH = ~—O'B 
H=5—0 


If distance CB is represented by p (for pitch) then . ao ig 
MES _If Equation [32] is solved for B we obtain 
t= — VBE + = 2 CE — p)? + (?-«) 


Be 198) 
[23] V1 + D/Dw 


or, expanding the fae under the radical from which it is evident that ¢/d < 1 (otherwise imaginary values 
of Bare obtained), The particular value of B when ¢/d first equals — 


+ (CE)? + p? — Dd — [24] unity is 
1 


It can ‘that when ¢/d is plotted against B for different 
values of (1 + D/Dw), t/d reaches the limit with zero slope in all 
cases at the value of B given by Equation [36]. 


Pr z is always small compared with unity we may expand the 
radical into a series ignoring higher-order terms (1+D / Dw). 
value of t/d to which Equation [33] may be used with the errors als 
indicated. Thus, for surface grinding where(1 + D/Dw =1),v 
may be considered small compared with V and Equation [33} Ri 
used with less than a 5 per cent error if B is less than 0.018. Itis 
Dd — (CE)? — d? + 2(CE)p — p* seen that the original surface-grinding equation of reference (2) 
holds only for the low values of v relative to V used in that paper. 
In Fig. 3 a series of chips are shown for a constant value of d but _ me 


The quantity d? will be much smaller than the other terms in _ progressively increasing values of v/V. The heavy lines ie ; 


icy D 


the numerator and since (CE)? is equal to Dd the values of ¢ pertaining and it is seen that ¢ is less than d for 
cases I and II but that ¢ = d for all other cases. If v/V were main-— 
tained constant but d were to decrease then it would be found 
that the chip type would change in the direction from I to V i 
From Equations [18] and [19] rise onl Bend just the same way as when (v/V) is allowed to increase and d a 
q pager held constant. Thus, while chip thickness ¢ will increase when 
piv either d or v/V is increased, a type V chip will be approached when 


ad = ae 


Yy, 
Yee 

Wee 

i 

rie Say sign for internal grinding, and is infinite for surface grinding. = 
= Ne aa Te Phe If B << t/d or v << V the last term of this equation may be 
G IF ignored and then | 
al ves 
q 


-variety. 
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EXTERNAL INTERNAL 


“Verd 
Fie. 7 Variation or t/d Wita Nonprmenstonat Quauity B = 
2v/(VCdV/ dD) 


Since reciprocating surface grinding is characterized by large d 
and small v/V the chips are normally of the type I or type II 
: Internal grinding involves very small values of d and 
_ moderate values of (v/V) and hence chips of types III, IV, or V 
are normally obtained, In external grinding all types of chips can 


ie be obtained depending on the values of v/V and d obtaining. 


. In order to evaluate ¢, B must first be computed. This requires 
that V,», D, Dw, and d be known, all of which are readily deter- 
- mined. The quantities r and C are not so easily obtained. The 
_ taper-section method described in reference (2) still appears to be 
the best way of estimating r. Many such tests reveal that in 
snagging operations r will be in the vicinity of 8 while in grinding 
operations involving smaller chips r will be beween 10 and 15. 
The values of C optained previously by rolling a wheel over a 
glass plate containing a thin layer of carbon black may be more 
precisely determined by rolling a grinding wheel across a freshly 
ground surface coated with a layer of soot approximating the mean 
value of ¢ in thickness. This appears to have two advantages 


over the original method. 


1 Unusually high points on the wheel can penetrate the steel 
surface in a more characteristic manner than when 
hard glass is used. 

2 The geometry of a ground surface more 
closely approximates the surface encountered by a 
whee] in practice than a glass plate does. 

Since Hahn (5) recently has postulated that 
abrasive grains are elastically mounted in their 
bond, and deform under load to provide an ap- 
 preciable increase in the number of effective cut- 
ting points, tests were made to determine the man- 
ner in which C varied with load. Fig. 8 shows 
several tracks and the corresponding loads. In 


making these tests the soot-layer thickness and 


the steel-surface geometry were maintained iden- 


tical by making a series of tracks one alongside 


the other on the same steel specimen. While the 
_ mean size of the individual contacts increases, 
few new points are observed to appear in the 


For a type V chip, Fig. 3, the area of the metal removed will be 
_ (2/3dl) to a very good approximation, and from continuity con- 


, _ siderations this area must be related to the infeed 7, as follows 


*/,dl = + (p—l)............... [87] 
P When the value of p is substituted from Equations [18] and [19] 


__and the value of / from Equation [13] we obtain 


3BV1+D/Dw 1\. 


- ‘This equation reduces to d = i for cases IV or below, for case V d 


s wit always be found to be greater than i since there are gaps be- 


_ tween successive chips. 
For cases I to IV of Fig. 3, the value of mean wheel depth of cut 
d, will be equal to the infeed per revolution of the work i. For 
case V d > i since the entire surface is not cut. 
The limiting case for which p = 1 is case IV and it is of value to 
know the magnitude of ¢ or B in this instance 


1 + D/Dw 
or since d = ¢ for this case - 
oV1+D/Dw B Vi + D/Dw 


d. . {40} 
VCr + *) 


from which it follows that 


v 
2(1+5) 
V/1+D/Dw V1 + D/Dw 


Plunge grinding is a type sometimes used in tool grinding and 
snagging operations involving an abrasive belt. This type of 
grinding is characterized by 


Bw = 


1 A workpiece fed directly into the abrasive surface at a rate 
(f) without lateral feed. 

2 Chips of constant thickness throughout their length. 

3 Chips of length equal to the mean erat of the workpiece in 
the direction of grinding. 


practical range of loads and hence it may be con- = Fyg. § ~Tracks Mave sy A Dressep Grinpinc Across 
A Soot-Coverep Stee. Surrace Previousty Grounp sy THe Same WHEEL 


cluded that to a very good approximation C is in- 
cae ; rma i ding (The diff t track pond to diff t mal loads bet heel and k. Work 
material, 1020 SAE stecl; abrasive, aluminum oxide; grain site, 46; wheel hardness, 


foree. wheel width. */, in.) 


; 
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If the maximum chip thickness is ¢, then it may be shown readily 
that for plunge grinding 


2f 


V vc 
where f is the infeed in inches per minute. 


SIGNIFICANCE OF TROCHOIDAL PaTu 


All of the foregoing equations are summarized for convenience 
in the Appendix. 
In the derivations two assumptions were made: 


1 That in all grinding operations chips are so small compared 
with wheel and work diameters that chordal distances may be 
substituted for arc lengths, except in plunge grinding. 

2 That the distance the work moves while a chip is actually 
being produced is small; or, stated another way, that the actual 
trochoidal path that a grit takes is closely approximated by a 
circular are the radius of which is equal to that of the wheel. 

One need only compare values of / with values of D or Dw to be 
satisfied that in all cases the angle the wheel or work turns through 
in producing a chip is very small. The significance of assumption 
2 is not so evident and hence this will be discussed further. The 
paths shown in Fig. 3 would be circular ares were it not for the 
fact that the work moves horizontally while the chip is being 
generated. The resulting path is that of a trochoid, and difference 
between circular ares OA and trochoids OB is shown greatly ex- 
aggerated in Fig. 3. Since the angle subtended by OB is in reality 
very small (sxe item 1) the trochoid may be clearly approximated 
by a circular arc, but the diameter of the equivalent circle D,, 
would be greater than that corresponding to the wheel diameter 
(i.e., diameter of circle OB > diameter of circle OA in Fig. 3). In 
all of the foregoing derivations this difference between the radius 
of curvature of the trochoid and the wheel was ignored. In order 
to determine the nature of this approximation we may make use 
of equations derived by Hahn (5) for the curvature difference A, 
between the wheel surface and the trochoid generated by an abra- 
sive particle. When these equations for external surface and in- 
ternal grinding are rewritten in terms of the symbols and sign 
conventions adopted here it is found that 


1 D 
sy (: + 13) 


where D,/2 is the radius of curvature of the trochoidal path. 


Solving for D,/D 
(+5) 
1+ 


1 + D/Dw — D/Dw (: + 


Making use of the fact that (v/V) will always be <0.1, Equation 
[44] may be simplified as follows by ignoring second-order terms 
in (o/ V) 


Or the per error inv volved i in ignoring the difference 
D,and Dis 


ie 


May, 1956 

In a representative internal-grinding operation »/V would be 
approximately 0.01 and D/Dw would be about —0.8; the corre- _ eh 
sponding value of D,/D would be about 1.005. For surface eo 
grinding D,/D reduces to 1 + (2v/V) and this value will rarely — i" 
exceed 1.02. Thus it can be concluded that for all internal — 
and surface grinding the diameter of the trochoidal path pro- . =a 
duced by a grinding grit will differ from the wheel diameter by but _ 133 
a few per cent. If it becomes necessary to take this factor into 
account as it might be for a very large D/Dw in external ~onredll 
this could be done by using D, in place of D in all of the ‘ale 
equations. 


APPLICATIONS 


The foregoing analytical expressions for chip thickness ¢ have 
been applied to many different types of grinding in order to study ari 
the variation of specific grinding energy u with chip size. In all 
instances the same general relationship between u and ¢ is found to 
hold. 
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Fic. 9 Data Ostarnep UNDER THE ConpDI- 
TIONS OF TABLE 1 


Fig. 9 shows some internal-grinding results obtained under the 
conditions of Table 1. 4 


TABLE 1 INTERNAL-GRINDING CONDITIONS FOR FIG. 9 


Wheel diameter (D), 0.72 i 
e 


Work 

Wheel s; 5960 (30, 000 rpm) 
Work 50 fpm and 10 fpm 
Abrasive, white Al:Os 

Grain size, 30 

o a grains per sq in. 


The grinding forces were measured by means of a special strain- __ 

gage dynamometer fitted to a Bryant internal-grinding machine. _ zi 
The solid curve and data points show the variation of u with 

infeed rate (i, ipr). For all grinding cases from I to IV of Fig. 3, _ 

the wheel depth of cut d is equal to the infeed rate i, and for such 

points the value of B may be found readily. The critical value of a 

B corresponding to case IV is found to be 3.18 from Equation [41], — 

while the value of B for which ¢ = d is 1.58 from Equation 

[36]. The corresponding values of d may be computed from Piling 


168 
| » 
be 
| 
| 
10 = 
Siw 
[44 
D v D 
x (1 + 2) x10... 


Equation [31] and these points are labeled IV and III, respec- 
tively, in Fig. 9. Chips to the left of IV will be of type V while 
_ those to the right of III will be of type II. The value of B below 


Tess than 5 per cent is found to be 0.028 from Equation[34], and 
the point on the curve of Fig. 9 at the corresponding value of d 
_ (= 465 X 10~* in.) marks the boundary between types I and IT. 
The dotted curve shows the variation of u with ¢. Values for 
_ this curve in the regions I to V were obtained by use of the equa- 
_ tions summarized in the Appendix. The dotted curve for internal 
_ grinding is seen to have the same general character as that ob- 
- tained originally for surface grinding, Fig. 1, with the exception of 
the upward trend of the curve beyond point IV. The observed 
similarity is striking in view of the fact that the chips of Fig. 9 are 
predominantly of types III, IV, and V while those in the surface 
_ grinding tests were of typeI. The similarity that exists between 
_ these two sets of curves despite the wide difference of chip shape, 
_ lends further support to the idea that chip size as measured by 
maximum chip thickness ¢, is the variable of importance in deter- 
mining the specific energy consumed in grinding. The upward 
trend to the left of Fig. 9 is thought to be due to an increase in 
friction work associated with the relatively longer type V chips. 


could account for the difference in the energy values shown. 
Slight variations in the relative humidity also have been found 
to give different energy curves when grinding in air, the spe- 
cific energy being higher on days of high relative humidity. 

The internal grinding data of Fig. 10 are representative of in- 
dustrial practice and correspond to type V chips over the entire 
range of grinding. These results are seen to be similar to those of 
Fig. 9 despite the considerable difference in grinding conditions. 
The upward trend of the internal-grinding curve is thought to be 
characteristic of this type of grinding and the type V chip. Below 
a particular value of ¢, grains began to plow and rub rather than to 
produce true chips. The value of ¢ at which this occurs, and at 
which the energy per unit volume rises steeply, is apparently 
greater for type V chips than for type I or type II chips. 

Certain experiments of Hahn (5) which already have been re- 
ferred to will now be considered io light of the foregoing theory. 
In one set of experiments Hahn used wheels of constant size (1.5- 
in. diam) and varied the work diameter Dw, through a wide range 
of values for both internal and external cases. In these tests both 
v and V were maintained constant, as was the normal force be- 
tween wheel and work, F,. When the rate of metal removed R, 
was plotted against curvature difference A, curves such as those 
shown in Fig. 11 were obtained. The vertical displacement of the 


é The per cent difference in the trochoid D, and wheel D diame- 
ters may be found from Equation [46] for the tests of Fig. 9. 
When this is done for the larger speed case (v/V = 0.0091), the Ol 
_ per cent difference is found to be 0.73D/2, which is certainly negli- 
gible. 


Representative data obtained by internal, surface, and belt 


a ; "grinding are given in Fig. 10 for the grinding conditions of Table 


2. The values of ¢ were computed using the equations of the 
_ Appendix. 


TABLE 2 GRINDING CONDITIONS FOR FIG. 10 
Belt 


8 (backing wheel) 
0 
(plunge) 
1 to 15 ipm (infeed) 
120 


Internal Surface 


6300 
250 to 2000 
5 


\ 
\ 3 
x 


50 100 
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Fre. 10 Variation or Speciric Grinpinc Enerey (u) 


(4) Grinpine OPERATIONS 


For belt grinding (curve 1) the values of ¢ are so large that u is 
essentially independent of t. The two surface-grinding curves 
were obtained under conditions that were believed to be the same. 
However, different operators obtained all the data at widely dif- 
ferent times. The curves are seen to be quite similar with the ex- 
ception of the constant value of u approached to the left. This 
value is sensitive to the exact method of dressing and this alone 


A 
CURVATURE DIFFERENCE — A 


Fie. 11 Variation or Rate or Metat Removep (R) Wits Cirrva- 

ture Dirrerence (A) ror INTERNAL AND EXTERNAL-GRINDING 

tn Wuicn Norma Force Between WHEEL AND 
Worx Was Marntatnep Constant—From REFERENCE (5) 


parallel curves is proportional to Fg, and the following equation 
was found to fit all data to a good approximation 


In a second series of tests, Fig. 12, the wheel diameter was :nain- 
tained constant at 1.25 in. while the work diameter was helc| con- 
stant at minus 3.5 in. in an internal-grinding operation. In this 
case the normal force between wheel and work Fo, and the wheel 
speed V, were maintained constant but the work speed » was 
varied. 

The variation in R observed in the first series of tests was really 
due to a variation int. The reason R was also found to vary with 
A is due to the fact that ¢ as well as A changes when D/Dw is al- 
tered. The influence of A in Equation [47] is only apparent and 
is due to the fact that A and ¢ vary with D/D, in a similar way. 

From Equation [1] itfollowsthat 


wee 
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For very fine grinding (¢ = 20 to 40y in.) 


R = 


while for coarser grinding (¢ = 70 to 100y in.) 
R = 


— in’/sec 
Mm 


In comparing this equation with Hahn’s empirical Equation (47), 

it should be noted that in these tests V was held constant. Both © a 

the derived exponents of F, and A are seen to be in good agree- 

ment with the experimental values. 
The fact that the analytical exponents in Equations [57] and _- 

[58] are slightly greater than the experimental estimate of 1.0may 

be accounted for in two ways: ae 


R 


1 In arriving at Equation [56] it was assumed that the — at 
400 800 1200 1600 2000 ber of cutting points per square inch C would be independent of 
WORK SPEED — RPM the normal force Fg. While this is a good first approximation, we > 
Fie. 12 Variation or Rate or Metat Removep (R) Wits Work 
2 The experimental scatter of Dr. Hahn’s data leading 
distinguish og 
where is the tangential grinding force between wheel and work. 
In reference (1) numerous plots were presented which show that 
to be a very good approximation While Equation [47] is quite correct, it is misleading to ex- “s 
press this relation in terms of curvature difference A since this — 
quantity is physically insignificant. Although an appreciable dif- a ee 
ference in A is evident in Equation [43] for externa] surface and es 
internal grinding on a relative basis, when the absolute values i ae 
considered, Equation [46], the differences are found to be in- — 
significant. A preferable expression to Equation [47] is that of — ee 
Equation [55] which features the real variable of importance, t. _ 
In the region marked AB in Fig. 1, the energy per unit volume The second set of data presented by Dr. Hahn, Fig. 12,alsocan 
can be well approximated by an exponential of the following type be explained in terms of the u versus ¢ relationship for internal — ee 
K grinding. The break in the curves of Fig. 12 marked III corre- a 
u= =... -eceeeeeessses.s» [51] spond to point HI in Fig. 9. Values to the right of III in Fig. 12 
é correspond to values to the left of III in Fig. 9, and in this region 
u will be essentially constant. From Equation [53] it is evident — a 
that R will remain constant as long as Fg, V, and u remain con- — 
stant. This explains the horizontal portions of the curves of Fig. 
12. 
To the left of III in Fig. 12 or to the right of in Fig. 9 
Nis - no longer independent of ¢, but will vary in accordance with Equa- 
mae? tion [51]. For this region we might substitute the value from _ 
Equation [33] for ¢ and then Equation [55] becomes 


where K, and n are constants. The value of n best fitting the data 
is found to depend on the range of ¢ considered as follows: 


From Equations [33], [48], [49], and [51] it can be shown that 
when al) quantities except Fg and D/Dw are held constant x 4 oid D w/3 
— FeV + 


df ae K: Vcr YD Dw 


For the curves of Fig. 12 all — appearing in this ‘itw 


Similarly, from Equation [43] it follows that when all quantities theory predicts that 
except Fg and D/Dw are constant Rw~ 


at pa > where n is a number less than 1. The curves to the left of III in as ai 
Fig. 12 are seen to correspond in shape to Equation [60] whennis — 

and hence " bis 2 less than 1. Thus the u versus ¢ relationship for internal grinding BS 

is seen to explain in all details the experimental data of Hahn | 


Combining Equations [50] and [51] Historica BackGRrouND 3 
The first paper published concerning the size of grinding chipp = 

appears to have been written by Alden (6) in 1914. From the 


geometry of two intersecting circles the following equation for — 
maximum chip thickness ¢ was derived for external grinding 


| 
a 
ay 
3.2 7 
= 
8 
he | 
44 
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= m sin (0, + 62) 


where 


m = spacing of successive grits on wheel circumference 
6, = angle 00’ B in Fig. 2 (6) 
6. = angle 00" B in Fig. 2 (b) 


While this equation is difficult to use, since a convenient method of 
finding m is not given and the small angles 0, and @, are difficult to 
- measure, Alden did direct attention to the importance of chip 
thickness in grinding. Alden assumed that the maximum force 
per grain would vary directiy as t. 

In 1915 Guest (7) independently discussed the importance of 
- maximum chip thickness in England and presented the following 
equation for external grinding me 


_ While this equation reduces to that of Alden it is preferable in that 
it replaces 6, and @, by quantities that are more easily determined. 
However, this expression like Alden’s involves the ill-defined 
- quantity m. Guest assumed that the maximum force per grain 
would vary as 
- In 1920 Chapman (8) published an expression for ¢, which also 
contained an m. Krug (9) of Germany apparently presented the 
first expression for t in which an m did not appear, but this was 
done by assuming arbitrarily that the mean grain spacing is al- 
_ ways on half the are of contact, and that grains are spherical in 
shape. Krug’s equation is not reproduced here since certain errors 
in the derivation were subsequently found (10). 
In 1938 Hutchinson (11) presented the following expression for 
s chip length in surface grinding 


i, = vab(1 + 2) 


the oles: sie mastahiine to the case where the work moves in a 
direction opposite to the wheel and vice versa. For external 
grinding Hutchinson found 


4; + D/Dw 


Assuming the spacing of successive grains to equal the arc of con- 
tact, Hutchinson obtained an expression for the average chip 
thickness. Heinz (12) also derived an expression for average 
chip thickness which he used in discussing the performance of 


- [64] 


: between the abrasive grains of the wheel. 


_ The derivations presented in reference (2), which apply to the 

type I chip only, yielded a value of maximum chip thickness that 
was identical to that of Alden and Guest, exeept that the quan- 
_ tity m was expressed in terms of measurable quantities (C and r). 


_ identical to that presented by Hutchinson. Hutchinson’s Equa- 
tion [64] for external grinding is seen to be included as a special 

ease in Equation [12] of this paper. 

In reference (5) Hahn suggested that type V chips were obtained 

under certain conditions in internal grinding. Io the present 

paper chips are classified into five types and expressions for maxi- 

' - mum chip thickness ¢, and undeformed chip length l, are derived 
_ for all types of chips as well as for all types of grinding. These re- 


sults are summarized in the Appendix. 


ag All workers up to Hahn (5) not only approximated the tro- 
* choidal path of the individual grain by a circular are but assumed 
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that this are had the radius of curvature of the wheel. In the 
present paper this question is discussed and it is concluded that 
except in extreme cases of external grinding these approximations 
are justified. For the few cases where the trochoidal path must be 
considered we can still use a circular arc but the wheel radius 
should then be replaced by the trochoidal radius of curvature. 
The method of doing this is considered in this paper. 


Force on a SINGLE GRAIN 


While experimental grinding-force data were not available until 
reference (1), early workers speculated on how the maximum force 
per grain varied with maximum chip thickness for the case of type 
I chips. For example: 


1 Alden assumed that the maximum force on a single grain 
varied directly as ¢. 

2 Guest assumed that F, varied as ¢*. 
The work done per unit time in a grinding operation (type I 
chips) is 

Work/time = uvbd (12), in-lb/min.... 
The number of chips produced per minute will be 
No. chips/min = 12 VéC.... 


and thus the work per chip will be 
t 
Work/chip = u vo" 


The mean force acting on a grain may be obtained by dividing this 
value by the undeformed chip length from Equation [12] (noting 
that here v/V << 1) 


= 


_ wd VG + D/Dw + D/Dw 
| 


If we assume the maximum force on an individual grain F,, to be 
twice the mean force F,, then 


+ D/Dw) 
which from Equation [33] may be written 
F, = 2ut*r.. 


Wg per 


Whether Alden or Guest is correct in his assumption depends 
upon the region in which grinding is taking place. For very fine 
grinding u is independent of ¢ so that Equation [70] reduces to 


F, = Kt......... (71) 


which is in agreement with Guest’s assumption. For somewhat 
coarser grinding u = K;/n (Equation [51]), n being between 0.6 
and 0.9. If n is taken equal to 0.9, Equation [70] reduces to 


which is very close to Alden’s assumption. It should be expected 
that in the early days limitations of machines and wheels put most 
grinding operations in the fine regions, corresponding to Equation 
or [72}. 

If we assume that r (the ratio of mean scratch width to depth) 
is a constant for a given grinding wheel, then from Equations [51] 
and {70] we may write 


where K; is a constant and will have different values depending on 
the relative size of the chip as shown in Fig. 13. For any given 
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on the ground surface (Equations [18] and [19]) and hence by 
reference to Equation [12] we have for any type of grinding 


type of grinding, however, n will be constant and the relative mag- 


nitude of F, will depend only on the quantity within brackets 
which we may call the “relative grain force” F, 


Relative grain force = F, 


vd 
(1 + D/Dw) = 


1G. 13 SurrAce ImperrectTions or (hk) Lert Bexinp 
Upon Grounp SuRFACE 


By increasing F, a given wheel will bebave softer. It is thus seen 
that the principal ways of decreasing the effective hardness of a 
grinding wheel are 


1 To increase the work speed (v). 

2 To decrease the wheel speed (V). 

3 To decrease the number of cutting points per square inch of 
wheel surface by dressing, change of grain size, or change of grain 
spacing (wheel structure). 

4 To increase the wheel depth of cut (d). 

5 By increasing the curvature of the wheel or work surface 
(i.e., by decreasing D or decreasing Dw). In this connection it 
should be recalled that in internal grinding Dw is negative and 
hence relative wheel hardness will decrease when Dw is increased 
in internal grinding. 

Equation [74] explains and correlates many well-known grind- 
ing rules of the workshop such as the few examples mentioned in 
the following: 


1 Why internal-grinding wheels are normally harder in action 
than surface-grinding wheels (if all quantities other than Dw are 
the same). 

2 Why a wheel dressed with a coarse feed appears softer than 
the same wheel dressed with fine feed. 

3 Why finishing operations call for wheels that are either softer 
than those used in roughing operations when the grain size is kept 
the same, or can have the same hardness if the grain size is re- 
duced in proportion to the volume of metal removed. In this 
connection it might be noted that there is an increasing trend to 
use softer wheels of larger grain size in finishing operations rather 
than the other possibility. 

4 Hardened steels are commonly ground with softer wheels 
than unhardened steel in fine grinding operations. Reference (1) 
reports that for fine grinding the forces, and hence specific energy, 
are independent of work hardness. Therefore, since in grinding 
hardened steels it is extremely important to avoid burning or 
overtempering the surface, it is more important that grains break 
loose as soon as they become slightly dull in the case of hardened 
steels than when grinding softer steels whose heat-treatment need 

not be preserved. 
Survace RouGHNEss 

In any grinding operation high points as shown at A in Fig. 13 
will be left upon the finished surface. The mean height of such 
points h, is related to the surface finish produced and hence ex- 
pressions for h will be considered here. We already have ob- 
tained an expression for the pitch p, for any characteristic points 


v Vi+ D/Dw 
Ver (1+ 2 
( + 


For type I chips (v — V) we can substitute for ¢ from FE quation — 
[33] and then’? 


Vht = 


h _ way 
d 


For chips of type II it follows from Equation [31] which define BO 
that 


+ D/Dw)_ 
ALT 


and thus 
4(1 + 
Finally, , for type IV and V chips it is evident that 


The quantity A given in Equations [77 to 80] represents the 
mean peak-to-valley distance of the material left behind on the — 
finished surface based upon purely geometrical considerations. 
The actual maximum peak-to-valley roughness will differ — 
from the computed values for the following reasons: at 


1 Due to vibration of the wheel relative to the work. __ 
2 Due to built-up edge on certain abrasive grains. ab aah 
3 Due to deviations of the actual grinding wheel from the 
simplified average model assumed here. Occasional grains of 
unusual setting in depth and of unusual spacing will cause the ae 
maximum observed h to deviate from that computed. = oe 


However, despite these effects it is felt that Equations |77 to 80] 5 
are useful in comparing the relative changes in surface roughness — 
to be expected by changes in grinding conditions under ideal con- _ 


ditions. 
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AS . . 
Discussion 


__'W. R. Backer The authors have presented an analysis of 


grinding geometry based on a single average grit removing an 
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This type of analysis is very useful to those work- 
ing in grinding mechanics, because many different setups can be 
compared in terms of the fundamental quantities of actual chip 
dimensions. While chip geometry is only one phase of the study 
of the grinding process, it is an important one and is worthy of the 
attention it has received in this and other recent publications. 

The authors assumed average-chip form, Fig. 5, shows a con- 
stant-width chip in which the width increases with maximum 
chip thickness per Equation [19]. Considering, as an example, a 
finish surface-grinding operation, an increase in the downfeed per 
pass could increase ¢ and require a larger b’ without changing the 
initial grit-work contact geometry. This means the grit must 
anticipate the maximum chip thickness or that Equation [19] of 
the paper really means an increasing chip width with chip thick- 
ness. As an alternative derivation of the chip geometry for this 
case, consider the metal-removal rate in grinding 


Metal-removal rate = vbd..... 


The number of chips produced per unit time is bVC, so the 
volume of the average chip is as follows fear 


Volume of chip = ~~ 
‘The average cross-sectional area of the undeformed | chip i is the 


followi 


= 
a 
ted 
po 
| 
7 
3 


Assume that the instantaneous chip width 6,’ is a linear func- 
tion of instantaneous chip thickness ¢; 


This gives a chip of increasing cross section with distance along 


the contact path for “up” grinding. Cross section varies 


linearly along this path, so 


bait, = = fat 


This is identical with the authors’ Equation [21]. The cross- 
sectional area must thus have increased with the square of the 
instantaneous chip thickness and not linearly with ii as proposed 
in Fig. 5. 

The authors’ derivation of the relative-grain-force index, Equa- 
tion [74], is of interest in connection with Equation [83] of this 
discussion. The relative grain force is, of course, the average 
chip cross-sectional area. A better relative-grain-force index 
might have been the followi ing 


The reintroduction of the specific energy v makes this term the 
actual force on the average grit, allowing for workpiece variables 
and other parameters affecting grain force. 

It is believed that the value of the authors’ analysis would have 
been enhanced, especially for research workers, if the instan- 
taneous chip thickness had been considered as the fundamental 
geometrical quantity in grinding rather than the maximum chip 
thickness. If grinding properties are known as a function of in- 
stantaneous chip thickness, a solution for any particular setup can 
be determined easily. 


O. W. Boston. The authors of the paper conclude that the 
average thickness of chip is a criterion for evaluating the power 
required to remove metal in grinding. The writer wishes to point 
out a paper covering a similar subject related to milling by Mr. 
F. A. Parsons.” Mr. Parsons computes the average thickness of 
chip (ATC) as a function of the feed and depth of cut and then 
plot the net energy required at the tool point to remove various 
metals, such as free-cutting brass, cold-rolled steel (low-carbon), 
SAE 1020 steel, and cast iron, for various values of ATC but for 
three different depths of cut, namely, 0.010, 0.100, 1.000 in., re- 
spectively. 

For example, the curve of cubic inches of metal removed per 


® Professor and Chairman, Department of Mechanical and Produc- 
tion Engineering, University of Michigan, Ann Arbor, Mich. Fellow 
ASME. 
‘‘Power Consumed in Milling,”’ by F. A. ‘Parsons, Ma- 
chinist, vol. 53, 1920, p. 315. ait 


of one straight line when plotted over ATC on log-log paper for a 
depth of cut of 0.010 in. A second straight line somewhat below — 
the first is obtained for a depth of cut of 0.100 in. and a third 
straight line still lower is obtained when the depth of cut is 1.000 _ 
in. This indicates that, for a given depth of cut, astraightlineis —_ 
obtained when the feed is varied to get different values of ATC. © 


but only 2.0 when the depth is 0.100 in. Again, 2.5 cu. in. of | 
brass are removed per unit horsepower when the ATC is 0.0006, 
0.0013, and 0.0023 in., respectively, for the three depths of cut. = 
This indicates that the ATC is not a safe method for computing 
the power for metal removal. The results for the other metals 
show also that ATC is not a safe basis ard computing vax. 


caption to this ide, as the ‘variation of depth does not destroy 
the continuity of the three curves. (This discussion was given in Ley 
a paper by the writer and C. E. Kraus.) sien 
The discussion given by Dr. Hahn, showing that friction be 
tween the work and the flank of the abrasive grain is an important. : 
factor when grinding, may indicate that the problem of chip re- _ 
moval by negative-rake abrasive particles involving end friction — 
may follow one law while chip removal with the sharp cutting . 
edges, such as those of a milling cutter, may follow another. ee 


R.S. Hann.'* The authors have presented an excellent paper, — 
giving for the first time formulas for the length and thickness of 
the various types of chips. In most cases these formulas are 
based upon circular ares and chords which replace the grain loci 
It may be interesting to compare Equations [10], [11], [12], or 
[14] of the paper with the more-exact equations derived from th 
trochoidal expressions for the locus of a point on the wheel rela- 
tive to the workpiece which have been given (authors’ reference 
5). For internal grinding the path is ‘ 


+ 


+ 9)? 


wheel rotary speed 
= 
work rotary speed 
work radius 
p 
a wheel radius 
and where the origin of co-ordinates is taken at 0, Fig. 2(c). By . 
finding the z co-ordinate of the point of intersection of thiscurve, _ 


Similar equations may be derived for external and surface grind-— 
ing, thus 


'!The Elements of Milling,’’ by O. W. Boston and C, E. Kraus, — 
ASME Paper RP-54-4, Trans. ASME, vol. 54, 1932. ‘ 
12 Research Engineer, The Heaid Machine Wessanter, 


cer the product of average thickness /,, and average width b,’ i 
es pet 
' hor 0.010 
: 
¥ ( 
a | length of are OB or chip length may be approximated by ~~ 
foni 
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evidenced by Equation [89]. 
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us These equations are based not on the true trochoidal equations 
_ but actually on parabolie approximations to the true trochoid as 
In so far as chip length is con- 
cerned either circular or parabolic loci give adequate accuracy. 
In dealing with the difference between adjacent loci in order to 


7 “a get the running chip thickness along the chip there may be some 
discrepancies between the circular-are locus and the more ac- 


Be cumbersome it would seem preferable to use the more accurate 


curate parabolic locus. Since neither expression is particularly 


_ parabolic formulas, which are valid for a wide range of condi- 
tions. The expression for the running chip thickness as a function 


Ps of the distance z along the length of the chip is, for internal 


grinding 


v 1 mw \* 
ux) =m (2 z—T,; 


The derivation of Equation [18] seems obscure. The chips 
apparently have a width b’ which is distinctly different from the 
_ transverse grain spacing. It would seem natural to obtain the 


longitudinal grit spacing as 


1 
transverse spacing X grit surface density (c) 


According to the authors’ Equations [18] and [19], when b’ is 
_ eliminated, the pitch p or spacing of marks produced on the work 


_ unrelated to chip thickness. 

Concerning Equations [57] and [58] it should be pointed out 
that these are not purely theoretical equations showing agreement 

with the observed experimental fact that R ~ A°- since 7 has 

been found by experiment. These equations actually show that 
- the author’ experimental data, which yielded the values of n, are 
_ in accord with the curvature effects as reported by the writer 
 (authors’ reference 5). 


Autuors’ CLOSURE 


_ The shape for the average chip proposed by Mr. Backer is as 
_ shown in Fig. 14(a) while that used by the authors is shown in 

Fig. 14(b). Each of the two proposed mean chip geometries 
_ leads to the same volume per chip and hence the difference is one 
_ of shape rather than volumetric content. A basic property that 
the average chip must satisfy is the possibility of a number of 


—CHIP THICKNESS IN GRINDING 


identical average chips being fitted together on the ground sur- 
face to yield the unground surface without voids. Fig. 14(b) 
satisfies this requirement while Fig. 14(a) does not. 

At first one may be troubled by the fact that whereas many 
(although not all) actual chips may have the appearance of Fig. 
14(a) none will have the appearance of Fig. 14(b). However, 
it is not necessary that the average chip look like any real chip 
any more than it is necessary that the average man look like 
any particular man. 

The authors agree with Professor Boston that the average chip 
thickness is not alone a reliable method for predicting power 
requirements in grinding. In fact, Fig. 10 shows that for a given 
chip thickness the specific energy may have several values depend- 
ing upon conditions such as wheel sharpness, grinding fluid, or 
type of grinding. The real value of the equations is to show the 
direction in which grinding energy will change when a variable 
such as work speed or wheel depth of cut is changed. If the 
chip thickness decreases as a result of such a change, then the 
specific energy will increase or remain the same depending on 
the magnitude of chip thickness obtaining. Thus the equations 
show the relative importance of several operating variables. 

Reasons for the shape of the specific energy-chip thickness 
curve was not discussed in the paper, but rather the data were 
presented as experimental fact. Several possible reasons suggest 
themselves. First, a size effect as suggested in reference (2) 
probably operates, particularly in the flat region of the curve 
and in region I of Fig. 9. Secondly, the cutting edge of a grain 
may not be perfectly sharp, and dullness present would become 
relatively important as the chip thickness decreased, Thirdly, 
there is undoubtedly some rubbing on the clearance faces of the 
grains as Dr. Hahn suggests, and this would be expected to 
represent a larger fraction of the total-energy input as the size 
of chip decreases. The rising region of the energy curve closest 
to the origin, region V of Fig. 9, is thought to be predominantiy 
due to this sort of rubbing action. As a wheel sparks out energy 
continues to be consumed with practically no metal removal. 
In the limit this would lead to an infinite value of specific energy. 

Equation [88] suggested by Mr. Backer as a measure of the 
relative force on a single grain is the same as the authors’ Equa- 
tion [68] when the expression for chip length Equation [12] is 
substituted. As stated in the text, Equation [74] is meant to be 
used only for a given type of grinding (such as fine surface 
grinding). In such instances the range of ¢ involved will not be 
great, u may be considered constant, and Equation [74] employed. 
If grain-force values covering a wide range of ¢ are of interest 
then Mr. Backer’s Equation [88], or the authors’ Equation [68], 
is to be preferred. As Mr. Backer indicates, values ce‘ energy 
could be related to instantaneous values of ¢ rather than to maxi- 
mum values of ¢. While such a picture would be of theoretical 
interest the end results would not be as convenient to apply to 
grinding problems. 

As Dr. Hahn points out, the equations presented could be 
modified to involve the parabolic approximation to the trochoid 
but it is questionable whether the results obtained would differ 
significantly from those presented, particularly in view of the 
qualitative way in which the results are intended to be used. 

In the derivation of Equation [18] the mean pitch per 

grain is obtained by considering a peripheral path on 

visa the wheel of width h’ and fn¢ing the average number of 
grains which lie with?» this »ath. It appears physically 
reasonable that the width =f path (b’) be proportional 
to chip thickness, for if a scratch is made on the surface 
and the wheel rotated until a second grain passes through 
the same scratch, the wider the scratch the sooner a 
Fae second grain will mm, within the boundaries of the first 
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By M. C. SHAW! anv C. T. YANG? 


Dilute aqueous solutions of certain inorganic salts are 
very effective in decreasing the rate of grinding-wheel wear 
and providing decreased surface roughness in the finishing 
_ of titanium-alloy surfaces. A systematic study of a large 
number of salt solutions has revealed that such solutions 
act by the formation of adsorbed cationic and anionic 
layers on the aluminum-oxide and titanium surfaces, re- 
spectively. These layers prevent the abrasive and chip 
_ surfaces from coming close enough together to form strong 
bonds, which when broken, remove pieces of abrasive from 
; the system. In the choice of a suitable material, ion size 
and effective charge are found to be two items of major 
importance. Barium was found to be the most effective 


anion investigated for adsorption on a titanium-alloy 
surface. Long chains attached to each of these ions 
should increase the effectiveness of the simpler ions con- 
sidered here. The relation between corrosion inhibition 
and the screening of titanium surfaces in grinding is dis- 


= while the phosphate radical was the most effective 


N a previous paper* the grinding of titanium alloys was dis- 
cussed with particular reference to grinding-wheel wear. It 
was found that good finish always accompanied a low rate of 

wheel wear and vice versa. Low wheel speeds (2000 fpm), the 
proper type of aluminum-oxide abrasive (white), and a good 
cutting fluid were found to be the most important ways of decreas- 


were in all cases explainable in terms of a decrease in the tendency 
v - bonding between the abrasive and the metal ground. In this 
paper the action of dilute water solutions in decreasing grinding- 
_ wheel wear will be discussed in greater detail. 
The tendency for a grinding wheel to wear is conveniently ex- 
pressed in terms of a grinding factor (@) 


volume of metal removed 
volume of grinding wheel consumed 


This nondimensional ratio can be determined under a standard 
of conditions and the resulting values used to compare the 

- eflectivences of a series of fluids or other grinding variables. 
For some time it has been known that materials commonly 
“aed to inhibit rusting of steel surfaces by water solutions such as 
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sodium nitrite and organic nitrite amines are effective as grinding 
fluids for titanium alloys. Tarasov‘ was the first to use such solu- 
tions in titanium grinding. When sodium nitrite is used in this 
manner it is customary to employ about 5 per cent of the active 
ingredient. Most of the tests* were therefore made using a 5 per 
cent sodium-nitrite solution. 


PRELIMINARY TESTS 


At the beginning of the present investigation tests were made 
upon a number of materials in order to determine the range of 
effectiveness of grinding fluids. These tests were performed 
under the conditions of Table 1 and the results obtained 
are also given in this table. The principal conclusions to be 
drawn from these preliminary tests are as follows: 


1 Ordinary soluble oils are poor fluids for grinding titanium 
alloys. 

2 Distilled water is inferior to air. 

3 Certain inorganic salts, principally those of the heavy alkali 
metals such as sodium and potassium are mest interesting. 

4 Both the anion (negatively charged particle) as well as the 
cation (positively charged ion) appear to be important in deter- 
mining the effectiveness of a given salt. 


TABLE 1 PRELIMINARY TESTS 


Type of Pinting: Cylindrical grinding, 2-in-diam wheel 

Type of wheel: White aluminum oxide, 46 grit, K hardness, 5 
vitreous bon 

Work material: Ti 150A 

Wheel depth ~ cut (d): 0.0005 in. 

| food (a 0. 050 ipr 


Work enced "30 fpm 


Fluid 


structure, 


Q 


Air 
Soluble oil 
% aluminum chloride 
ammonium chloride 


10% sodium nitrate 
10% potassium nitrite 


SS 
OG 


Even though highly chlorinated and sulphonated oils give results 
almost as good as the sodium and potassium-nitrite solutions it 
was decided not to study these materials further inasmuch as they 
represent a fire hazard in conjunction with titanium. If titanium 
is ground at normal speeds (6060 fpm) the sparks are brilliant 
and there is real danger of the grinding swarf becoming ignited if 
a combustible lubricant such as oil is used. At the speeds recom- 
mended for titanium grinding (2000 fpm) the chips do not glow at 
all and there is no danger from fire even when a combustible fluid 
such as oil is used. However, it is thought best to use only non- 
combustible fluids in grinding titanium since it is so easy for a 
workman inadvertently to use too high a speed and thus set a 


fire. 
Systematic Stupy or InerGanic Satts 
The encouraging results of the preliminary tests indicated that 
a systematic study of inorganic salts should be made. The salts 


«How to Grind Titanium,” by L. P. Tarasov, American Machin- 


ist, vol. 96, 1952, p. 135. 
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that were effective ionize readily in water to produce positively 
and negatively charged particles as follows £- Mit! 


CA [C+] + [A-] 


water 
where CA represents a salt, C represents the portion that ionizes 
to form a positively charged particle (cation), and A represents the 
portion that becomes negatively charged (anion). For example, 
sodium nitrite which has been previously mentioned would ionize 
as follows 

ni 

NaNO, [Na*] + {[NO~] ] 

It was decided that the cation should be varied first over a wide 
range of elements holding the anion fixed and then the reverse 
procedure should be followed. Inasmuch as a wide range of ni- 
trates is readily available it was decided to use the nitrate radical 
for the constant anion in the first series of tests and likewise, inas- 
much as sodium salts are most common, it was decided to use 
sodium for the constant cation in the second series of tests, 

In order that the concentration of the active ingredient be the 
same in all tests it was decided to use solutions of equal molarity. 
(A 1-molar solution contains a number of pounds of salt equal to 
its molecular weight in 1000 lb of solution) one-tenth molar 
solutions were used in all cases. Thus the sodium nitrite(MW = 
69.01) solution investigated here contained 0.69 per cent by 
weight of the salt. 

Surface grinding was chosen for these tests since the G-values 
could be more reproducibly determined under such conditions. 
The standard conditions under which all tests were performed are 
as follows: 

Wheel: 7 in. diam. 3'/, in. wide, white aluminum oxide, 60 grit, L 

hardness, 5 structure number, vitreous bond 

Work material: 2 in. X 2 in. X 4in., Ti RC 130B 

Wheel speed: 2000 fpm 
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Distilled water 
Ki(PO,) 
BalOH)s 

BaS 
PO. 


0% water-base fluid 
1008 grinding oil 
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Work speed: 400 ipm ae 8 
Cross-feed: 0.05 in /pass : 
Downfeed: 0.001 in. 


Dressing: 4 cuts of 0.001 in. each using face of pyramidal diamond 

Fluid required: 2 gal 
Z After dressing the wheel under carefully controlled conditions 
it was used to remove 0.002 in. from the work surface in two steps 
in order to bring its surface to a constant condition. Then, after 
measuring the diameter of the wheel with a micrometer, the test 
was started. Twenty layers each of 0.001 in. depth were re- 
moved, after which the wheel was again measured. If the wheel 
wear was not sufficient a second series of twenty layers was re- 
moved. The amount of material removed from the work was de- 
termined by direct measurement rather than from the downfeed 
read from the machine. From these data it was possible to com- 
pute the values of G. Between fluids the wheel and all apparatus 
were carefully cleaned with water. 

The results of the first and second series of tests are summa- 
rized in Table 2 together with some miscellaneous results (series 3). 
In all cases G is expressed relative to the value obtained with dis- 
tilled water. 

The manner in which G varies with concentration is illustrated 
in Fig. 1 for two different solutions. In the case of NaNO,, there 
is little influence of material added in excess of 0.5 M (4 per cent 
by weight). The curve for barium hydroxide is similar to that for 
sodium nitrate and it is expected that in this case too, G will con- 
tinue to rise with concentration well beyond the maximum con- 
centration of solution tested (0.1M). From Fig. 1(a) the value 
of G at the optimum concentration of 0.5 is seen to be about 2.5 
times that for a 0.1M solution. Thus we might expect the value 
of Table 2 to be greater by a factor of about 2.5 if the concentra- 
tion is increased to0.5M. The solutions of Table 2 are all more 


0.05 


MOLARITY 


Fie. 1 Variation or GrinpinG Factor (@) ConcentTrRaTION 
or Aqurovus Sotutions. ALL Vatues Arg Given RELATIVE To G 
ror WATER 
{(a) Sodium nitrate solutions; (6) barium hydroxide solutions.) 


dilute than would be used in practice since dilute solutions are 
easier to work with. ee 
First, let us observe the correlation that exists between the re- 
sults of Table 2 (series 1) and the position of the metal in the 
periodic table, Fig. 2. The vertical bars shown are proportional 
in height to the G-values of Table 2 (series 1). The most effec- 
tive elements are seen to be those to the left and toward the bot- 
tom of the table. After examining the variation of many proper- 
ties with position in the periodic table it was found that the most 
closely parallel variation was found to exist between ion size _ x 
G-value. The variation of ion size with position in the periodic 
table is shown in Fig. 3 which is based on values reported by — 
Pauling.’ Here it is seen that, in general, the larger metal ions = 


CaTIoNIc ADSORPTION 


found in the lower left portion of the periodic table, in the — cA 


region where the larger values of G are found. 


5“Nature of the Chemical Bond,” by L. Pauling, Cornell Uni 
versity Press, Ithaca, N. Y., second edition, 1948. 
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Fia. 3 or Ion Posrrion ‘THE 
(After Pauling, footnote 5.) 
Next, let us consider why there is such good correlation between 
ion size and G-value. Jt is well known that aluminum oxide used 
in grinding wheels is @ corundum (Al,0;) which consists of a 
hexagonal close-packed array of oxygen ions with aluminum ions 
interspersed in */, of the cusps between oxygen ions. The oxygen 
ions [O™] are very large compared to the aluminum ions [{Al**] as 
may be seen by reference to Fig. 3. Two views of an aluminum- 
oxide surface are shown to scale in Fig. 4. Since the components 
of aluminum oxide are true ions having been formed by the trans- 
fer of electrons from oxygen to aluminum atoms, the bonding re- 
sponsible for the strength of this material is purely electrostatic. 
This type of bond is frequently referred to as an ionic bond. What 
we encounter in coming close to an aluminum-oxide surface is a 
close-packed array of oxygen ions. The aluminum ions may be 
ignored since they are very small and buried between oxygen ions. 
Also shown to scale in Fig. 4 is a titanium surface. Titanium, 
being a metal, is held together by a different type of bonding force 
known as the metallic bond. The building blocks in a metal are 
positive ions produced from the neutral metal elements by re- 
moval of the valence electrons. Titanium having four valence 
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Fig. 4 Atuminum Oxipe anp Trrantum Surraces SHown To 
ScaLe 


[(a) of AlsOz surface; (6) side view of AlyOx surface; (c) side view 3 


electrons gives rise to positive ions having a quadruple charge — 


titanium-metal surface (free electron cloud not shown).] 


when the valence electrons are removed. In the case of a metal, 
valence electrons do not transfer to other elements as in the case 
of an ionic crystal, but distribute themselves throughout the 


metal much as the molecules are distributed in a gas. The metal- fe 
lic bonding force arises from the interaction of the free cloud of 
valence electrons and the positively charged ions. The resuit is . 


structure that is close-packed and strong. The size of the ionsina 


metal lattice differ considerably from those in an ionic crystal 
since each is subject to entirely different forces. The titanium 


surface shown in Fig. 4 corresponds to the size of the titaniumion 


in a metal lattice as determined by x-ray diffraction studies.‘ 


Comparison of the titanium-ion size with that of the oxygen 


ion in Al,O, shows that the two are about the same. This provides 


the good fit essential for the formation of strong electrostatic ae 
bonding forces. The large charge difference between titanium “i 
(plus 4) and oxygen (minus 2) ions adds to the tendency for __ 


“Structural Inorganic Chemistry,”’ by A. F. Wells, Oxford Uni- 
versity Press, London, England, second edition, 1950. 
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surface to form a strong bond. 


strong bonding between a clean (freshly ground) titanium surface 
and an aluminum-oxide surface. Thus there should be little 
wonder as to why titanium has such a strong affinity for refractory 
oxides and, in particular, why it is so difficult to grind titanium 
alloys with refractory-oxide abrasives. 

Just as it is possible for titanium ions in a metal lattice to form 
strong electrostatic bonds with the surface ions in Al,O,, it is 


y equally possible for other positively charged ions (cations) to be 


adsorbed. Thus the sodium ions in a sodium-nitrite solution 
can attach themselves electrostatically to the oxygen ions of 
Al,O; and thus prevent titanium from getting close enough to the 
The effectiveness of cations used 
in this way might be expected to vary with their size and charge. 
Size is important in that the ion adsorbed must fit the oxide sur- 
_ face and completely shield it and charge is important in that the 
layer must be strongly bonded to the oxide surface. 
A few of the cations tested are shown to scale in Fig. 5 together 
with the G-values observed. The improvement observed as we 


proceed from sodium to potassium is due to a better match be- 


- tween the sodium and oxygen ions. Cesium is not as good os 
potassium since it is too large. As we similarly proceed down the 
second column of the periodic table we observe an increase in G- 


value in going from calcium to strontium to barium. The potas- 


~ sium ion which gave the best results in column (1) of the periodic 
table is seen to have the same size as the barium ion, which gave 
the best result in column (2). The superiority of barium over 

- potassium is attributed to the double charge on the barium ion. 
When we examine trivalent and tetravalent metals we find 


there is none large enough to do an outstanding job (i.e., La, Ce, 


From the tests that have been run on cations it is clear that 
none is as good as the barium ion; since this ion has the optimum 
_ charge-size combination of all the elements. 
The ammonium cation [NH,*] is seen to give a G-value that is 
unusually low for its size, Fig. 5. This anomalous result will be 
discussed later in the paper. 


ANIONIC ADSORPTION 


i Next, let us turn our attention to the anion data of Table 2 


(series 2). Just as material adsorbed on the Al,O; surface should 
be expected to prevent strong bonding between titanium and the 
abrasive, we also should expect material adsorbed on the titanium 
metal surface to be effective. We should further expect those 
anions most closely matching titanium in size and having the 
greatest charge to be the most effective. The comparison of re- 
sults with regard to ion size is quite simple as before, but the 
matter of effective ion charge requires further discussion. 

When we examine the anionic parts of the salts of Table 2 
(series 2), we find that unlike the cations most of them consist of 
groups of elements called radicals rather than being simple ele- 
ments themselves. A typical radical is |NO,;~'). This group of 
elements is held together by still another type of force known as a 
covalent bond. This is the type of bond found in practically all 
organic compounds. Ordinarily it is a relatively weak type of 
bonding force and accounts for the low strengths and decomposi- 
tion temperatures of organic materials such as lubricating oils 
and waxes. The ordinary covalent bond arises from a sharing of 
electrons between two elements such as carbon and hydrogen in an 
organic compound. 

In certain instances a valence electron responsible for bonding 
is shared between more than one pair of elements and when this 
happens it is said that the electron resonates between two or more 
positions. When resonance exists the binding forces are greatly 
enhanced and a much more stable structure exists. Resonance is 
responsible for the relatively great stability of benzene com- 


Fie.5 Severat Cations SHown To ScaLe Wits THE OxycEN Ions 
or AN At2O; SurFACE FoR COMPARISON 


pared with other organic compounds. Resonance is also re- 
sponsible for the radicals of inorganic chemistry. For example, 
there are three possible configurations for the radical we call 
nitrate. These are 


The extra electron responsible for the negative charge on this 
radical can be associated with any one of the three oxygen atoms. 
Thus any particular oxygen atom has a negative charge associ- 
ated with it only '/; of the time and hence the effective negative 
charge on a single oxygen atom is —'/;. The resonance between 
structures I, II, and IIT is responsible for the chemical stability 
of the nitrate ion and for the fact that it takes part in many 
chemical reactions as a unit and without decomposition. 

The effective charges on any of the oxygen atoms of the negative 
radicals of Table 2 (series 2) can be similarly computed. As a 
further example we might consider the phosphate radical [PO."}. 
In this case we have four oxygen atoms on which three charges 
are distributed equally in time, and hence the effective charge on 
a single oxygen atom is (—*/,). 

A further consideration that concerns us is the size of the ele- 
ments constituting the principal inorganic radicals. The size and 
configuration of a number of negative radicals is shown in Fig. 6 
which is from the work of Bragg. In those radicals involving oxy- 
gen (i.e., the angular [NO,~], the planar [NO,~], or tetragonal 
{SO,~| radicals, etc.) and another element, the oxygen is large 
while the other element (metal) is relatively small. Thus, with 
regard to size, we are essentially dealing with oxygen ions of equal 
size arranged into different configurations in the case of all of the 
negative radicals of Table 2. 

In Fig. 7 the anions tested are shown to scale in conjunction 
with the ions in a metallic titanium surface. The corresponding 
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~ values of G are also listed. Since practically all ions correspond 
approximately in size to the oxygen ion we need not consider the 
size of the individual atoms constituting the cations. The ex- 
pected arrangements oi the several anions on the surface are those 
shown in Fig. 7. 
In Table 3 the mean charge per atom contacting the titanium 
‘Surface (A) is given together with the number of atoms per anion 
making contact (B) and the product of these two quantities (AB). 
_ We should expect the effectiveness of a given anion to vary 
directly with this product (AB) since it is a measure of the firm- 
ys: ness with which the anion becomes attached to the titanium sur- 
- face. Excellent correlation with G-values is observed for all cases 
me that for [Ci~'] which is a very large ill-fitting particle. 
a We may now return to the cation [NH,*] which was observed 
to give an anomalous result in Fig. 5. From size considerations 
alone we should expect the ammonium radical to give a G-value 
_ between that for potassium and cesium, see Fig. 5, or to yield a 
-G-value of about 3. However, the observed value was closer to 1. 
“ ‘The reason for this lies in the resonating structure of this radical. 


‘TABLE 3 REAC BETWEEN EFFECTIVE BONDING CHARGE 
PER ANION AND GRINDING FACTOR 


B 
Number of Product AB = 
bonding atoms effective bonding 
per anion charge 


3 


o 


2 
22. 
| 

The [NH,*] group consists of a large nitrogen atom surrounded by 
four small hydrogen atoms in the form of a tetrahydron. A 
single positive charge resonates between the four hydrogen 
atoms, and thus the effective charge on a single hydrogen atom is 
only (+!/,). Hence the [NH,*] group behaves as though it were 
a potassium ion with a positive charge of '/, instead of 1. 
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GENERAL Discussion 


i The values of G given in Table 2 (series 3) are in general agree- 
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Fic.7 Exprecrep ARRANGEMENT OF ANIONS ADSORBED ON TITANIUM 
SURFACE 


ment with what might be expected from the series 1 and 2 tests, 
but indicate that the anionic and cationic effects are not strictly 
separable and independent. While all solutions are 0.1M the 
change in ion concentration due to valence differences must of 
course be taken into account in making comparisons. 

Distilled water is significantly poorer than air and there are 
several reasons why this might be so: 


1 Titanium has a strong tendency to oxidize and the oxygen in 
the air would produce a thin oxide coating on freshly produced 
titanium surfaces, thus providing a screening layer between the 
titanium and aluminum-oxide surfaces. We should not expect 
this action to be too effective, however, since in most instances 
the nascent titanium surfaces will be in contact with aluminum 
oxide immediately upon being formed and hence will form a 
strong bond with the oxygen surface of the Al,O; rather than with 
the oxygen in the air. The presence of water would exclude at- 
mospheric oxygen and thus prevent the limited beneficial effect 
of its presence in dry grinding. 

2 Water vapor is known to decompose into its elements at 
elevated temperatures in the presence of titanium. The nascent 
hydrogen atoms that would thus be formed are known to be very 
small and would rapidly diffuse interstitially between titanium 
ions to form a titanium hydride. The presence of the hydrogen 
atoms in the titanium surface would enhance the positive charge 
associated with this surface and tend to cause even stronger 
bonds with the negative oxygen ions of the Al,O; surface. Nascent 
hydrogen is also a positive fluxing agent. 

3 Water at high temperatures will react with aluminum oxide 
to form the hydroxide. This material is very weak and such a re- 
action should increase the frequency with which particles of 
Al,O,; would be plucked from the surface following the formation 
of welds between the titanium and the abrasive. 


While it is not possible to say which of the foregoing actions is 
most likely, it is expected that they may all contribute more or 
less to the poor performance of pure water as a grinding fluid for 
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titanium alloys. In this connection it is instructive to consider 
the grinding of steel. When steel is ground in dry air the rate of 
wheel wear is relatively low, since the freshly ground metal is 
coated with a thin layer of easily sheared iron oxide. The 
strength of titanium oxide is greater than iron oxide and is com- 
parable to that of Al,O;. Consequently, titanium oxide is not 
nearly as effective as iron oxide in preventing grinding-wheel wear. 
If a trace of water vapor is introduced when steel is ground in 
_ air, the forces rise significantly. This is probably due to the 
_ partial reduction of the protective oxide coating on the metal 
rface by the nascent hydrogen produced when the water is de- 
composed, along with action (3) previously mentioned. When 
the wheel is flooded with water there is no further decrease in 
the forces, which indicates that oxygen exclusion action (item 1) 
is probably not the major role of water, at least in the case of 
steel. 

When a salt goes into solution part of it will ionize and the re- 
mainder will not. The fraction of the total salt that ionizes is 
known as its activity coefficient. The activities of the salts of 
monovalent electrolytes are normally about 0.8 while those for 
similar divalent salts are closer to 0.5. From Fig. 1 it is evident 
that G-values are dependent upon the concentration of the salt 
used. However, examination of the results of Table 2 with regard 
to activity coefficients reveals that this quantity is without 
effect. Thus we have a process that depends upon the adsorp- 
tion of ions, but which is independent of the ion concentration, 
being dependent only upon the total salt content. The explana- 
tion of this paradox would seem to lie in the fact that the relaxa- 
tion time required for ionization is small compared with the time 
a particle is in close contact with the surface. Thus, while the 
total salt concentration would be important in influencing the 
probability of a particle contacting the surface at a point where 
needed, the question as to whether the contacting particle was 
ionized or undissociated upon striking the surface would be un- 


While there is considerable similarity between the action of 
corrosion inhibitors and the action of the inorganic salts of this in- 
vestigation there are also important differences, For example, it 
is well known that whereas a very small concentration (0.1 per 
cent or less) of sodium nitrite (NaNO,) will inhibit the corrosion of 
iron or steel immersed in aerated water, sodium nitrate (NaNO,) 
is not effective in this regard. Yet, it will be observed in Table 2 
(series 2) that sodium nitrate and sodium nitrite are almost 
equally effective in grinding. To understand the reavon for this 
we should consider briefly the nature of the sort of corrosion con- 
sidered here and the action of a corrosion inhibitor such as sodium 
nitrite. 

When an iron specimen is exposed to dry air the rate of oxida- 
tion of its surface is very low. This rate is almost equally low in 
deaerated water, but is greatly accelerated when oxygen or air is 
entrained in the water. Corrosion is particularly rapid at the 
point where the specimen protrudes through a fluctuating surface 
since the degree of aeration is then high. If the iron surface was 
generated in air or exposed to air before being immersed it will be 
covered by a layer of adsorbed oxygen ions. However, these oxy- 
gen ions are a poor fit on the iron ions of the surface (atomic 
radius of oxygen ion = 1.40 A: atomic radius for iron ion in 
metal lattice = 1.26 A) and hence holes will exist through which 
small particles can migrate. 

The small particles that migrate to the surface in this case are 
oxygen molecules and hydrogen ions. Upon reaching the surface 
each hydrogen ion takes up an electron from the free electron gas 
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7A the Angstrom unit = 10~* em or 0.004 microinch. 
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of the metal and an equivalent number of metal ions are freed 
from the surface. The nascent hydrogen then reacts with an ad- 
jacent oxygen ion to form a hydroxide ion [OH]. This particle 
fits the metal surface no better than the original oxygen ion, see 
Fig. 6, and further holes are provided for the migration of oxygen 
molecules. These in turn accept electrons from the metal sur- 
face and the resulting oxygen ions are adsorbed. The foregoing 
cycle is repeated over and over. A thick membrane of “rust’’ 
consisting of alternate layers of hydroxide and iron ions eventually 
developed on the iron surface. 

The foregoing procedure will occur only with those metals that 
have ill-fitting oxides and happen to be above hydrogen in the 
electrochemical series. For example, aluminum does not behave 
in this manner even though it is more electronegative than iron, 
since it has a closely fitting oxide (atomic radius of oxygen ion = 
1.40 A; atomic radius for aluminum ion in metal lattice = 1.43 
A). On the other hand, copper does not rust in water even 
though it has a pooriy fitting oxide (atomic radius of copper ion in 
metallic lattice = 1.28 A), since it is electropositive relative to 
hydrogen. 

Now, the corrosion of iron in aerated water can be prevented 
if a close-fitting film impervious to molecular oxygen and hydro- 
gen ions is laid down on the surface. Sodium nitrite provides 
such a coating, Fig. 8. Such a layer can be adsorbed from a 
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Fie. 8 Apsorsep Layer or Nitrite Ions on Iron 


dilute aqueous solution of a nitrite (such as sodium nitrite) or by 
pretreating the iron with concentrated nitric acid. In the latter 
case the iron is said to be rendered passive. Since concentrated 
nitric acid is known to be reduced by iron to form nitrite ions it 
would seem that iron is rendered passive in the same way when 
either treated by concentrated nitric acid or a dilute solution of 
an ionizable nitrite. 

The mutual repulsive forces of oxygen atoms in the [NO,~] 
ions, each of which has an effective resonant charge of —'/2, cause 
an extremely close-packed arrangement and close-knit protective 
layer. The size of the oxygen atoms will be less in this close- 
packed array than in the free state, i.e., as in Fig. 6, and hence a 
good fit will occur on the metal surface. The close packing will 
not only insure a completely filled layer, but will augment the 
attractive electrostatic force between the inner oxygen atom 
the metal surface in anchoring the coating in placee 
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When sodium nitrate is used in place of sodium nitrite an ill- 
- fitting array, as shown in Fig. 9, results which is not capable of pre- 
venting the migration of oxygen molecules and hydrogen ions to 
the metal surface. The nitrate ion is effective, however, in raising 
the G-value since diffusion through the adsorbed film is not 
present in the grinding problem as in the case of corrosion. The 
nitrate ion is not quite as effective in titanium grinding as 
the nitrite ion since the former is not as firmly attached to the 
titanium surface. 


Fie. LaYER oF Nitrate Ions on Iron SuRFACE 
The effectiveness of the nitrite ion in inhibiting iron against 
corrosion is enhanced when an organic chain is attached to one end 
of the nitrite ion. This can be accomplished by reacting sodium 
nitrite with an organic amine to form a compound sometimes 
called a nitrite amine or sometimes called an ammonium nitrate 


R — NH, + NaNO, R — NH;—NO,—Na 
alkyl amine sodium sodium alkyl] ammonium 
nitrite nitrite 


where R represents an organic chain. Sometimes all three posi- 
tions on the amino nitrogen are substituted by organic groups as 
in the well-known vapor phase inhibitor tricyclohexylammonium- 
nitrite. The ammonium nitrite ionizes in water to give an 
ammonium-nitrite anion [R—NH;—NO,~] that adsorbs on an 
iron surface as in Fig. 8, except that R-chains extend outward from 
the outer oxygen atoms. These chains offer a further barrier to 
the passage of oxygen molecules or hydrogen ions to the metal 
surface and help hold the protective layer on the surface. Actu- 
ally, the nitrite group is soluble in water and if fresh water should 
be substituted for the inhibited nitrite solution, rusting could 
occur. The organic chain attached to the nitrite group renders 
the ammonium-nitrite complex hydrophobic or water-repellent 
which in turn keeps the protective layer in place on the 

even in the presence of uninhibited water. 
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This development in the field of corrosion inhibition suggested 
that cations for grinding titanium should also have long chains 
attached, and work is under way with such materials. 


CONCLUSION 


The systematic study of dilute inorganic aqueous solutions has 
revealed that these solutions are effective grinding fluids for ti- 
tanium alloys due to the formation of adsorbed layers on both the 
aluminum oxide and freshly ground titanium surfaces. These 
adsorbed layers screen the titanium and abrasive surfaces and 
prevent strong bonds from being established between them which 
when ruptured result in rapid loss of abrasive material. 

Three considerations govern the effectiveness of the adsorbed 
layer: 


1 The ability of the adsorbing ion to fit the ions of the surface 
closely. 

2 The effective charge per ion tending to anchor in place the 
screening ions adsorbed on the surface. 

3 The length of the adsorbed ion extending from the surface. 


The barium ion [Ba**] was found to be the most effective cation 
for protecting aluminum-oxide surfaces, while the phosphate ion 
{[PO,"] was found to be the most effective anion for protecting 
titanium surfaces. Unfortunately, barium phosphate cannot be 
used since it is insoluble in water. Barium-hydroxide solutions 
have been found to be quite effective, and such solutions are non- 
corrosive on steel parts. 

The concentration of the active ingredient was found to be im- 
portant, best results being obtained with about '/, molar concen- 
trations. 

Item 3 has not as yet been completely investigated, but initial 
tests reveal that even better results than those reported here 
are obtained by using a positive ion consisting of a long chain with 
a barium atom at the end or a negative ion consisting of a long- 
chain water-soluble organic phosphate or diphosphate. 
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Discussion 

L. P. Tarasov. The authors have presented an entirely ae 
picture of the functioning of the best type of water-base grinding 
fluid that has been found for grinding titanium. Their system- 
atic investigation of a wide variety of inorganic compounds has 
led them to propose a theory based on the matching of 
ionic sizes, supplemented by the effect of the magnitude of ionic 
charge. These two factors are certainly important, but it would 
seem that other factors like polarizability and work function 
could also modify the effectiveness of the various ions in adhering 
to the surface. 

Although the best results were obtained with solutions of 
barium salts, it must be remembered that these are extremely 
toxic and therefore they should not be used in production grind- 
ing until they have been approved by the industrial health authori- 
ties for use under whatever safeguards may be deemed neces- 
sary. 

It should be pointed out that the results given in Table 2 for 
the 10 per cent water-base fluid (presumably a soluble oil) and 
for a straight grinding oil are representative of the many prod- 
ucts in these two categories that are totally unsuitable for tita- 
nium grinding even though they are perfectly satisfactory with 
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steel. We have found, as a result of extensive laboratory test- 
ing, that only certain soluble and grinding oils are really suitable 
for titanium, and with these it is possible to attain far higher 
grinding ratios. For grinding conditions that were quite similar 
to those used by the authors, we have been able to obtain the 
following grinding ratios: 


“4 Soluble oil (10 per cent concentration) 


Sulfochlorinated grinding oil . 
Very highly chlorinated grinding oil. 


Presumably the authors’ poor results in this respect can be attrib- 
uted to a deficiency of suitable surface-chemical activity in the 
products used. 

The authors have found that increasing the concentration of 
sodium nitrate beyond 0.5 M did not lead to any further increase 
in the grinding ratio. We have investigated the effect of con- 
centration only for sodium nitrite and have not found any evi- 
dence of such a saturation value. Surface-grinding tests made 
in 1952 on Ti-150A with a 32A60-K8VBE wheel running at 2500 
sfpm gave us the following values of G for several molar concen- 
trations, the highest corresponding to 40 per cent by weight of 
the salt: 


Molar 
concentration 


aver ~ ‘ 


The relationship between log G and log concentration was linear 
from the highest concentration tried down to 0.3 M. This lin- 
earity may have been fortuitous but there was certainly no evi- 
dence that @ had leveled off beyond a certain concentration. 


oes Since it is difficult to see why sodium-nitrite and nitrate solu- 
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tions should differ so markedly with respect to the effect of con- 
centration, it would be desirable to extend the sodium-nitrate 
results to higher concentrations. If the leveling-off effect is 
verified, it would mean that the inorganic salts found by the 
authors to be most effective at a concentration of 0.1 M would 
not necessarily maintain their ranking at the much higher concen- 
trations of commercial interest. 

It is pointed out by the authors that sodium nitrite is improved 
as a rust inhibitor for iron by the addition of an amine. In ti- 
tanium grinding, we have found that the grinding ratio is not 
affected in the least by adding a suitable amine, whether to a 
sodium-nitrite solution or to a grinding oil. It will be interesting 
to see if attaching other long-chain compounds to the cations, as 
suggested by the authors, will improve the grinding action. 


AursHors’ CLOSURE 


The fact that the concentration curve for sodium nitrite 
obtained by Dr. Tarasov is so different from that obtained by the 
authors for sodium nitrate suggests that the order of effectiveness 
of the different salts investigated may be different at high and 
low concentrations. Further work should be performed to 
answer this question. It was found that long ethylene-oxide 
chains attached to the phosphate group did provide a water- 
soluble barium phosphate salt of unusual effectiveness in titanium 
grinding. 

With regard to adverse physiological effects of aqueous barium 
solutions, the only danger lies in breathing air containing very 
finely divided particles in the form of a mist. Such materials 
should not be absorbed through the skin. A mist will be danger- 
ous if particles of solution are present in the air in the size range 
from about '/2 to 10 microns. It is suggested that a determina- 
tion of the fluid particle size entrained in the air in the vieinity 
of the grinding-machine operator be made by an industrial- 
hygiene expert if it is suspected that a health hazard exists in 
any particular case. 
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By E. E. COULTER,' E. A. PIRSH,? anv E. J. WAGNER, JR.* 


_ The distribution ratios of the concentrations of silica in 
i steam to those in boiler water were determined over a range 
of pressures from 300 to 3140 psi, of silica concentrations in 

a the water from 12 to 1000 ppm, and of pH values of the water 
ec Mechanical carry-over, determined by 
c using a radioactive tracer, was insufficient to necessitate 

_ corrections to the vaporous silica carry-over data at pres- 
ey sures above 500 psi. 


INTRODUCTION 


TUDIES of power-station operating problems have shown 
that troublesome turbine-blade deposits, composed princi- 
pally of silica, are formed under certain conditions of boiler 
operation. The severity of the silica-deposit problem has been 


observed to increase with increasing silica concentration of the 


boiler water and increasing operating pressure. The work of a 
number of investigators has shown that silica carry-over under 
such conditions is selective, the ratio of the amount of silica in the 
steam to that in the boiler water being greater than the corre- 
_ sponding ratios for other boiler-water constituents (1, 2, 3).* 


. he Such selective carry-over is generally believed to be due to 


_ vaporization of silica from the boiler water into the steam. 

_ Although the problem has been investigated widely, the pre- 
vious data are not complete over the range of modern boiler opera- 

tion, and often the data of several investigators fail to agree. 
_ Therefore, as the first logical step in searching for a solution of 

the selective silica carry-over problem, a test program to deter- 
mine the distribution ratios of silica concentrations in steam to 


a: _ those in boiler water over a wide range of conditions was under- 


taken and completed. 


APPARATUS 


a The principal components of the test apparatus were a small 
__ electrically heated, natural-separation boiler, an air-cooled con- 


_ denser, and sampling systems for boiler water and steam, as shown 
The equipment was designed for a maximum pressure 
_ of 3200 psi and a maximum steaming capacity of 100 lb/hr at 2500 


_ Operating pressure was regulated automatically by varying 
the speed of the blower which supplied cooling air to the con- 
; _ denser, thereby controlling condensing rate. The electronic 

_ blower-speed control received its signal from a pressure recorder. 
ne et The condenser was installed at a higher elevation than the boiler, 
_ so the condensate returned by gravity to the boiler. 

Provision was made for continuous, simultaneous sampling of 
boiler water and steam. Each sampling system contained a 
condensing or cooling coil, flow-control valve, thermometer well, 
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Fic. 1 Firow Diagram or Sinica Carry-Over Test Apparatus 
conductivity cell, flowmeter, and sample valve used to remove 
samples of steam condensate or boiler water from the system for 
silica analysis. To minimize contamination of the sample all 
parts upstream of the sample valves were stainless-steel or plastic 
tubing. In addition, a flow cell for obtaining pH of the boiler 
water was installed. After passing through the sampling system 
the samples were combined and admitted to a deaerator from 
which the discarded samples were returned to the boiler by a 
pump. 

Steam was generated in the small test boiler shown in Fig. 
2. Previous investigators (1, 2, 3) had experienced difficulty in 
obtaining accurate data because condensate, which formed on the 
walls of the upper unheated portions of their boilers due to heat 
loss, tended to absorb appreciable amounts of silica from the 
steam. Therefore a concentric stainless-steel liner was installed 
in the boiler and extended from below the water level to the 
steam-sampling point at the top. All steam generated was col- 
lected inside the liner and flowed upward to the steam-sampling 
point. The loosely fitting downward-turned elbow on the end 
of the steam-sampling line prevented condensate from dripping 
into the steam space and allowed amounts of steam in excess of 
the steam sample to flow to the main steam line supplying the 
condenser and to surround and eliminate heat loss from the liner. 

Electric resistance heaters were evenly spaced on the outside 
boiler surface below the water level and provided a maximum 
heat flux of 20,000 Btu per hr per sq ft. Power to the heaters 
was controlled manually. 

All samples were analyzed for soluble or reactive silica by the 
reduced silico-molybdate colorimetric method using a Beckman 
Model DU spectrophotometer and 100-mm cells (4). This 
method has sufficient sensitivity to enable measurement of silica 
concentrations to + 0.002 ppm. 


PROCEDURE 
The test work consisted of two phases; the determination of 
the amount of silica carried over in steam at various boiler-water 
conditions, and the utilization of a radioactive tracer to deter- 
mine the extent of mechanical, or dropwise, carry-over of boiler 


water. 
Silica Corry-Over Phase. In all of the silica carry-over tests 
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the boiler water was made up of distilled water that was passed 
through a mixed-bed ion-exchange column to reduce the con- 
ductivity to less than 0.1 micromho per cm. Only silica in the 
form of reagent-grade silicic acid or sodium silicate (Na,SiO,- 
9H,O) and sodium hydroxide were added to the water to pro- 
duce the desired silica concentration and pH. 

With seven different water solutions the boiler was operated 
at a constant steaming rate of 5 Ib per hr and the total steam 

ow was sampled. One test was made with a variable steaming 

te of 40 to 85 Ib per hr during which the steam-sample rate was 
held at 5 Ib per hr. The boiler-water characteristics and test 
conditions are summarized in Table 1. 
The boiler was filled to the operating level with a water solution 
of one half the silica concentration desired for that test and then 
vented of gases by opening the steam-sample line or the condenser 
vent to the atmosphere while heat was applied to the boiler. 
Simultaneously, the one-half concentration water was pumped into 
the boiler to replace the vented steam until the boiler water 
reached the desired silica concentration. The boiler was brought 
up to the lowest test pressure by increasing the heat input, while 
maintaining the level by controlling the continuous sample 
flows. 

To maintain a constant silica concentration in the boiler the 
deaerator reservoir was filled with the one-half concentration 
water and the steam and water were sampled at equal rates. 
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The average concentration of the total sample leaving the boiler 
was approximately the same concentration as the water pumped 
in from the deaerator. 

After reaching the desired test pressure and steaming rate the 
boiler conditions were held constant for at least 1 hr or until the 
conductivity of the steam and water samples became constant. 
Samples of steam condensate and boiler water were then with- 
drawn into 8-oz polyethylene bottles for silica analysis. During 
the first run at least two sets of samples were analyzed at each 
test point, but this was later reduced to one set after it was estab- 
lished that the two sets of samples consistently checked. After 
samples were withdrawn the boiler operating conditions were 
changed and the sampling process was repeated until the desired 
range of pressure or steaming rates was covered. 

Radioactive Tracer Phase. Operation of the apparatus with a 
radioactive tracer was similar to that previously described for 
silica carry-over. The boiler water was a solution of radioactive 
phosphorus (P**) in the form of a phosphate with sodium hydrox- 
ide added to adjust the pH to 11.0. Fifty millicuries of activity 
were used which produced a total boiler-water phosphate con- 
centration of about 0.05 ppm. 

The boiler was operated at the same steaming rates and pres- 
sures as for the silica carry-over tests. The conductivity and pH 
cells were removed irom the sample lines, and samples of only '/: 
oz were withdrawn into _ bottles. Boiler conditions were held 
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constant for at least 1'/; br at each test point before withdrawing 


samples. 


The samples were analyzed only for total radiation by evaporat- 


+ ing 1 ml of the sample or of a diluted sample in a planchet and 


assaying the residue with a Geiger-Miiller type scaler. By using 
_ identical planchets for each sample and a holder that established 

: a fixed geometrical relationship between the planchet and the 
_ Geiger-Miller tube, relative values were obtained for the steam 
- condensate and boiler-water sample activity. 


Discussion oF RESULTS 


The phenomenon of silica vaporization in a steam atmosphere 
has been a much investigated subject, but data have often dis- 
agreed and did not cover the full range of pressure and water 

- eonditions at which modern high-pressure boilers are operated. 
Straub and Grabowski’s work (1, 2) was the most comprehensive 
with respect to boiler operation although most of their data were 
obtained at one pressure of 1540 psi. Jacklin and Browar (3) and 

_ Splittgerber (5) present results which vary widely from Straub’s, 

_ but several factors have been recognized that could cause the 

- variance. Brady (6) points out the necessity of controlling, or at 
least of measuring, the water pH, and Straub has shown the mis- 
leading effect of condensation in the steam space of the test vessel. 

_ Besides these, the question could be raised about the existence of 

_ mechanical carry-over in each test vessel. In the present in- 
vestigation an attempt has been made to profit from the past work 
by eliminating each of the suggested sources of disagreement. 

A summary of all the test points taken at a constant boiler 

_ steaming rate of 5 lb per hr is shown in Fig. 3. The ratio of silica 
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ae concentration in steam to that in the boiler water is plotted versus 


pressure with four curves, each representing a different boiler- 
water pH. The data show an almost logarithmic increase of the 
_ silica-distribution ratio with pressure and an increase in this 

ratio as the water pH decreases. The effect of water pH on the 
silica ratio becomes greater at the higher pH values where an 
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increase of pH from 11,3 to 12.1 reduces the silica ratio by 50 
per cent, while an increase of pH from 7.8 to 9 shows no measura- 
ble effect. Between the limits of 10 to 1000 ppm silica in the 
water the silica concentration itself does not affect the distribution 
ratio, nor does the form in which the silica is added (silicic acid 
or sodium silicate) affect the distribution ratio. 

The data of Straub and Grabowski (1) which were obtained by 
using only sodium silicate and sodium hydroxide in the boiler 
water are shown in Fig. 4 with several curves reproduced from 
Fig. 3 for comparison. The present data are in general agree- 
ment with Straub’s even with respect to the effect of pH. The 
straight-line distribution ratio proposed by Jacklin (3) is also 
shown to indicate the amount the present data deviate from this 
straight line and also to show the magnitude of the pH effect 
which was not considered by Jacklin. 

Several investigators (7, 8) have found that the equilibrium 
amount of silica in steam is a function of the steam density. It 
also might be expected that the silica-distribution ratio would be 
a function of the ratio of the density of water to that of steam, and 
this relationship is shown by a log-log plot in Fig. 5. When 
plotted in this manner the characteristic S-shape of the curves 
in Fig. 3 is eliminated. 

One of the principal reasons for questioning the accuracy of 
previous selective silica carry-over data was the inability of the 
investigators to prove definitely the presence or absence of 
mechanical carry-over during their tests. Instead of assuming 
that mechanical carry-over is made negligible by operating at low 
steaming velocities as was done previously, a method was sought 
to determine its extent in the test boiler. Since the sensitivity 
of the electrical conductivity method for determining mechanical 
carry-over is much less than the sensitivity of the silica~-measur- 
ing method, it is not applicable to this problem. Therefore 
mechanical carry-over was measured by a new technique, in which 
radioactive phosphorus (P**) was added to the boiler water in the 
form of phosphate, and the amount of tracer material in con- 
densed steam samples was measured. The sensitivity of this 
method surpasses by far that of any method used previously, and 
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phosphate concentrations in the steam samples could be deter- 
mined to the nearest one part in ten trillion (10-7 ppm). Al- 
though the activity of radioactive phosphate decreases rapidly 
(14.3-day half-life), it was possible to measure to 0.001 per cent 
moisture in the steam throughout the duration of the test. Per 
cent moisture is determined directly by the ratio of the activity of 
the condensed steam samples to that of boiler-water samples, ob- 
tained simultaneously. 

The supposition that the radioactive phosphate tracer is a 
reliable measure of mechanical carry-over is substantiated by the 
velocity dependence of phosphate carry-over as shown in Fig. 6. 
The amount of carry-over at a constant pressure of 750 psi is 
shown in terms of per cent moisture in the steam plotted against 
the average steam velocity through the 6-in-diam steam space of 
the boiler. The presence of mechanical carry-over at steam 
velocities below 1 fpm indicates that low steaming rates will not 
eliminate mechanical carry-over completely. 

Because the amount of silica vaporized into the steam in- 
creases seer with pressure, the per cent error in silica 
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the error decreases rapidly to 0.012 per cent at 2500 psi. Al- 


though some mechanical carry-over was found at all test eondi- == 
tions, the effect on silica carry-over measurements was negligible _ 


for pressures above 500 psi. Therefore only the silica carry-over 
data for pressures of 500 psi and below were corrected for me- _ 
chanical carry-over. 


SUMMARY AND CONCLUSIONS 


The distribution ratios of the concentrations of silica in steam 
to those in boiler water were determined over a range of variables 
encompassing the complete field of modern boiler operation. 

A radioactive-tracer technique was used to determine ac- 
curately the amounts of mechanical carry-over existing at the 
test conditions. 
tracer method is velocity dependent and, therefore, is concluded 
to be mechanical carry-over. This technique is extremely sensi- 
tive and enabled the determination of amounts of moisture in the 
steam as low as 0.001 per cent. Measurable amounts of carry- ky 
over were detected for steaming velocities as low as 0.03 fpm at — 
750 psi pressure. 

It has been proved that only a negligible part of the silica 
found in the steam during most test conditions was the result of 
mechanical carry-over. Therefore the silica was transported 
selectively by some other mechanism, probably in vaporous form. — 
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carry-over measurements caused by mechanical carry-over de- 
creases at the higher pressures. A comparison of the per cent 
error in silica carry-over measured at various steaming rates is 
shown in Table 2. All data shown in Figs. 3, 4, and 5 were taken 
with a steaming rate of 5 lb per hr. At this rate mechanical 
carry-over was sufficient to cause an 8.6 per cent error in measured 
silica carry-over at 500 psi and 3.2 per cent error at 750 psi. At 
increased steaming rates a 29 per cent error occurs at 500 psi, but 
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Discussion 


CLARENCE Jackuin.6 The authors are to be congratulated 
on the excellent design of their test apparatus for determining 
silica carry-over and their careful and precise test procedure. 
The relatively precise results indicate all the factors which in- 
fluence silica carry-over were well controlled in this test work. 
The data also covers the full range of pressure, pH, and silica 
concentrations likely to be encountered in boilers where 
_ silica carry-over is a problem. These results are an important 
addition to the fundamental knowledge on this subject. 

In Fig. 4 of the paper the authors show the straight-line 
distribution ratio proposed by Jacklin and Browar along with 


_ curves from their own results and points from Straub and Grabow- 
work. 


The writer would like to offer a word of explanation 
- about the straight-line distribution ratio. It was originally 
based on the assumption that values of silica in the steam from 


E. our experimental boiler were low because of steam washing. 
_ Later calculations and the authors’ data show the error of this 
assumption. 


The writer considers the authors’ curves to be a 
much more accurate representation of the distribution ratio 
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than the straight line originally proposed by Jacklin and Browar, 

It would be interesting to know if the presence of other common 
boiler-water salts such as chloride, phosphate, sulphite, and sul- 
phate would have any action on the effect of pH on silica carry- 
over in the authors’ equipment. These salts were present in 
Jacklin and Browar’s tests and absent in Straub and Grabowski’s 
and the authors’ tests. 

The use of radioactive-tracer techniques for detecting mechani- 
cal carry-over is an interesting new approach to this problem. 


Avutuors’ CLOSURE 


The authors gratefully acknowledge Mr. Jacklin’s remarks con- 
cerning the test apparatus and procedure. 

During the planning stages of this research project the authors 
carefully considered the composition of synthetic boiler waters to 
be used for the tests.and recognized the possibility of effects of 
common boiler-water salts, such as chloride, phosphate, sulphite, 
and sulphate, on silica carry-over. However, the silica carry- 
over problem is known to be most severe at high pressures, at 
which the concentrations of boiler-water salts are normally held 
at very low values, and their effects should thus be minimized, 
Therefore, in order to avoid a time-consuming program of testing 
the large number of possible combinations, it was decided to 
limit the test program to solutions of caustic and sodium silicate. 

Tests on a number of full-size boilers containing various com- 
binations and concentrations of salts in the boiler water have 
produced silica carry-over results which are in excellent agree- 
ment with the laboratory results. Consequently, the authors 
have concluded that, if silica carry-over is affected by boiler- 
water salts other than those used in the laboratory tests, the 
effects are minor and do not significantly alter the values re- 
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In 1952 the Great Northern Paper Company planned 
an increase in manufacturing capacity at its East Milli- 
nocket mill from 325 to 900 tons per day of newsprint, 
necessitating an enlargement of its steam-generating 
plant. Results of studies showed that new boilers should 
supply 1250 psi, 850 F steam to noncondensing extraction 
turbine-generators, and that the maximum amount of 
by-product power should be generated up to the limitation 
imposed by steam flow through the turbines as required 
for process. The problem of supplying relatively large 
quantities of feedwater make-up of suitable quality was a 
major consideration. Shortly before 1952, a number of 
high-capacity water-treatment installations of the de- 
mineralizing type had been installed, which provided 
operational background for justifying the 1250-psi s steam 
plant from this standpoint. 


INTRODUCTION al 
REAT Northern Paper Company’s manufacturing plants 
are located at Millinocket and East Millinocket, Maine, 
on the West Branch Penobscot River and at Madison, 
Maine, on the Kennebee River. The power requirements for 
the two Penobscot River mills have been supplied principally in 
the past by a series of hydroelectric generating stations using the 
West Branch flow supplemented by some steam and diesel 
generation. The power supply for the Madison mill is not 
connected with the other two plants. 

The boilers at both Millinocket and East Millinocket generated 
at low pressure (200 psi) to supply process steam to digesters, 
paper machines, and winter-heating loads. Small condensing 
turbine-generators and back-pressure units also were supplied, 
when needed, by the 200-psi-pressure steam. These sources of 
electric power were expensive to operate and were regarded only 
as emergency stand-by. 

When Great Northern Paper Company planned, in 1952, to 
increase its manufacturing capacity at the East Millinocket mill 
from about 325 tons to 900 tons per day of newsprint, studies 
were made to determine the most suitable method of meeting 
increased process-steam and power requirements. Since the 
_ inerease in paper-producing facilities necessitated an enlargement 

" of the steam-generating plant, consideration was given to the use 
of high-pressure boilers with steam-turbine generators supplying 
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extraction and exhaust steam for process while generating by- 
product electric power. Process steam was required at 200 
psig to supply digesters and individual paper-machine me- 
chanical-drive turbines, and at 40 psi for driers and heating, to be 
obtained in part from the mechanical-drive turbine exhaust, 
with the balance supplied from the main turbine exhaust. 

The pressures investigated were 600, 850, and 1250 psi, on the 
basis of turbine-industry standard ratings. 

Results of investigation showed that the new boilers at East 
Millinocket should be designed to supply 1250 psi, 850 F steam to 
noncondensing extraction turbine-generators, and that the 
maximum amount of by-product power should be generated up 
to the limitation imposed by steam flow through the turbines, 
as required for process. 

It was decided in December, 1952, to proceed with the in- 
stallation of two 300,000-Ib-per-hr boilers and two 12,500- 
kw turbines, each arranged for automatic 200-psi extraction and 
40-psi exhaust, both being variable within limits. Equipment 
was to be installed in two steps; one boiler and one turbine for 
the first step of the expansion to be completed in the middle of 
1954, and the second boiler approximately one year later for the 
second step, with the second turbine to be installed at some 
future date if or when needed. 

Because of the limited time available for completion of con- 
struction and also because of lower cost of fuel oil relative to 
coal, at the time, it was concluded that the boilers should be 
designed on the basis of fuel-oil firing only, initially, but with 
provision made for later addition of coal-handling equipment, 
coal bunkers, pulverizers, and associated apparatus, This de- 
cision resulted in substantial economies in the initial plant cost. 
Even though the coal facilities were not provided, future price 
developments may make the use of coal attractive and the door 
has been left open for its employment. 

The problem of supplying relatively large quantities of feed- 
water make-up of suitable quality was a major consideration. 
Shortly before 1952 a number of high-capacity water-treatment 
installations of the demineralizing type had been installed, which 
provided operational background for justifying the 1250-psi 
steam plant from this standpoint. 


River-WaTer Supp.y 


The source of raw water available for the preparation of 
approximately 20 per cent demineralized make-up required is the 
Penobscot River, which is impounded by a dam av the mill. As 
shown by typical water analysis in Table 1, concentrations of 
total dissolved mineral constituents are relatively low, thus 
favoring the utilization of the ion-exchange process for the 
economical production of condensate quality make-up. Sus- 
pended solids and other foreign matter consist of small amounts 
of silt and fibrous fragments from bark and leaves, and organic 
materials from decaying vegetable matter, ee 
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TYPICAL WATER ANALYSES 
Penobscot Treated and Demineralized 
Constituent River water filtered water 


Calcium, Ca...... 

Magnesium, Mg.... J 

Gedium, Ma. 
Total cations 

Bicarbonate, HCO; 

Sulphate, SO, 


Total anions. 


0 to 2 

0 

2 to 4 
2.8 to 4.0 
0.02 to 0.1 


Trace 
Trace 


Dissolved solids. . 
Suspended solids 
Color 
= gen consu med 
rom permanganate 
Free Carbon Dioxide, 
Silica, SiOe2 
Iron, Fe.. 
Total hardness, as CaCOs. 


2 to 


10 
to 9.0 
The organic materials, indicated generally by color bodies and 
chemical-oxygen demand of the water, are undesirable in boiler 
water at pressures above 400 psi and are recognized factors that 
may reduce the capacities and expected life of strong base anion 
resins utilized in demineralizers and affect appreciably de- 
mineralizer-effluent quality. It is imperative, therefore, that 
suitable chemical pretreatment be employed to reduce or remove 
completely the objectionable constituents from surface waters 
which will be demineralized. 


PRELIMINARY INVESTIGATIONS 


A laboratory-scale test program was initiated to determine 
suitable treatment methods and optimum dosages of chemicals 
required. 

Coagulation of water-color bodies, which are negatively 
charged colloids, was accomplished by the application of acidic 
coagulants such as aluminum or ferric sulphate at relatively low 
pH with the required dosage usually proportional to water color. 
Sufficient alkali was added to react with the coagulant and 
adjust pH. Because of the difficulty in densifying bulky color 
flocs, particularly in water near the freezing temperature, a 
coagulant aid was found necessary to produce a tough, dense, 
readily settleable floc. Activated silica prepared by total re- 
action of the sodium-oxide content of sodium silicate with sodium 
bicarbonate was found satisfactory for treating the colored river 
water. 

Laboratory coagulation tests with the various treating chem- 
icals showed that 60 ppm of aluminum sulphate, 10 to 16 ppm of 
alkali as sodium hydroxide, and 10 ppm to 12 ppm of activated 
silica utilized at pH of 6.2 resulted in good coagulation of the 
suspended solids and reduced chemical-oxygen demand and color 
to less than 5 ppm. Further reduction in chemical-oxygen de- 
mand and color in applying chlorine in quantities up to and 
including breakpoint and superchlorination followed by activated 
carbon feed was negligible. Partial chlorination of river water 
was considered essential, however, to prevent fouling of full- 
scale treating equipment and pressure-type filters. 


PRETREATMENT AND DEMINERALIZING PLANT 


The plan, arrangement, and simplified flow diagram of the 
pretreatment and demineralizing plant designed and installed 
at East Millinocket to produce boiler feedwater make-up from 
Penobscot River water are shown in Figs. 1 and 2, respectively. 
All equipment is installed indoors for convenience of operation 
and protection against freezing. 

The pretreatment equipment designed for continuous net- 
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output capacity of 280 gpm consists of one 4-ft-diam xX 18-ft-_ 
deep steel flash mixing tank equipped with motor-driven agi- 
tator, two 13-ft-6-in-diam x 16-ft-deep “Accelator’’-type clari- — 


fiers of steel construction designed for operation either singly or 


in parallel, three 8-ft-diam x 4-ft straight-side pressure-type 


filters, two wet-type feeds for alum coagulant, one wet-type feed 
for sodium hydroxide, equipment for preparing and feeding 
activated silica, level controls, and raw-water, indicating and 
recording flowmeter with automatic controls for proportioning 
chemicals to the river water delivered to the flash mix tank. 

A clear well is provided below floor grade adjacent to the 
filters for storing 30,000 gal. Demineralizer supply and filter 
backwash pumps are located above the clear well. 

The demineralizing equipment includes duplicate two-bed 
demineralizers, each consisting of 6-ft-diam cation and anion 
exchange units containing 70 cu ft of Naleo HCR high-capacity 
polystyrene resin and 85 cu ft of Naleo SBR Type I highly basic 
resin, respectively. Manifolds are equipped with Conoflow 
air-operated Saunders valve nests. Other equipment includes 
cycle timers for automatic control during regeneration, strong 
acid and caustic controlled volume pumps, regenerant mixing 
chambers, controls, and instruments. Semiautomatic operation 


is provided with push-button initiation of regeneration cycles _ 


and return to service. Maximum flow rate of 200 gpm is ob- 
tained through one pair of exchangers during regeneration of the 
second pair. 

Horizontal steel tanks are installed for storage of 10,000 gal 
each of 66 deg Bé sulphuric acid and 50 per cent caustic. 

A 10,000-gal acidproof tile-lined concrete tank is provided 
below ground grade for retention of the strong acid and caustic 
waste regenerants where excess acid is completely neutralized 
with hydrated lime prior to discharge to the mill-sewer system. 

During the pretreatment process, river water is delivered to 
the bottom inlet of the flash mix tank located ahead of the clari- 
fiers where alkali, alum, and chlorine solutions are introduced in 
proportion to water flow to develop pin-point floc during a 5-min 
detention time. Addition of activated silica is made to the mix- 
tank effluent discharging to the Accelators designed for detention 
of 2 hr to coagulate and settle the color bodies and suspended 
material. Clarified effluent from the Accelator flows by gravity 
through pressure-type sand filters to the clear well. Filtered 
water is pumped from storage through the two-bed deminer- 
alizers and delivered for boiler water to a 30,000-gal condensate 
return tank. 

With continuous niin complete control of the treatment 
process is maintained with one full-time day-shift water-plant 
operator and intermittent checking by a boilerhouse operator 
during night shifts. 

A typical analysis of river, treated and filtered water, i is given 
in Table 1. ee 3 


PERFORMANCE 

Performance of the Accelator clarifying units operating at 
design capacity with river-water temperatures ranging from near 
freezing to 75 F has shown that the equipment is capable of 
delivering effluent with less than 5-ppm turbidity as guaranteed. 
The conservative upflow rate of about 1 gal per sq ft per min, 
together with 2-hr detention, has proved of distinct advantage 
in handling the lightweight floc resulting from precipitation of 
organic material in the river water. 

Operating experience has shown, however, the necessity for 
maintaining uninterrupted feed of chemicals and correct dosages, 
suitable slurry concentrations in the Accelator and control of 
automatic proportional blowdown of excess precipitates to ob- 
tain acceptable water from the pretreatment process. 

During initial operation of the demineralizing equipment in 
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August, 1954, performance-test runs showed that the equipment 
failed to fulfill two requirements specified for the plant and 
guaranteed by the manufacturers, namely, that total dissolved 
impurities in the demineralized water would average 1 ppm and 
not exceed 2 ppm (as CaCO,), and net exchange capacity of each 
anion unit would be 902 kg (as CaCO;). 

Initially dissolved solids content of demineralized water av- 
eraged 3 ppm because of high sodium leakage from the cation 
unit, a common occurrence when cations, particularly sodium in 
the resin bed, are not thoroughly eliminated during regeneration 
by the normal dosages of acid used. Since sodium in the water 
being demineralized constituted about 65 per cent of the total 
cations, it was assumed that a greater proportion of residual 
sodium remained in the lower layers of the resin bed following 
regeneration. Hydrogen ions produced in the upper part of the 
bed during the normal-run exchange with the sodium ions left in 
the lower part of the bed and result in high “leakage.’”’ Per- 
formance was considerably improved by remixing the resins with a 
short backwash following the cation regeneration and fast 
rinse. 

The degree of leakage during the operating cycle which 
followed was reduced approximately 50 per cent and demin- 
eralized water quality improved as shown by a reduction in 
conductivity from average of 15 to 6 micromhos per em. 

Performance runs showed also that net exchange capacities of 
the anion units were about 10 per cent below specification guar- 
antees covering the Type I highly basic resin. Although design 
ratings were 11 kg per cu ft, actual test runs produced slightly 
less than 10 kg per cu ft based on a normal silica end point of 
0.1 ppm. 

Several capacity runs conducted under careful supervision in 
November, 1954, checked results obtained during initial operation. 
At this time the anion-resin beds were sampled and determina- 
tions made in the laboratory to evaluate for basicity and total 
exchange capacity for comparison with the original resin sampled 
when the plant was first placed in operation. These tests showed 
a loss in basicity and total exchange capacity of 22 and 12.5 per 
cent, respectively. 

Subsequent treatment of the resin samples in laboratory 
columns with warm 10 per cent salt solution followed by 5 per 
cent acid solution removed appreciable amounts of color bodies 
which apparently had accumulated during preliminary operation 
and fouled the resins. Several cycles of the salt-acid treatment 
followed by caustic regeneration restored the total exchange 
capacity to 11 kg per cu ft as shown by laboratory column tests 
using a “‘test’’ water for exhausting the resin bed. 

A total of about 25 lb of sodium chloride, 35 lb of sulphuric 
acid, and 13 lb of caustic soda per cu ft of resin was found neces- 
sary during treatment to remove substantially all of the organic 
color from the resin. 

Test runs made on the plant demineralizer units in February, 
1955, after 6 months of operation showed total exchange capac- 
ities were still dropping and were 17 per cent below guarantees. 
It was decided therefore to treat the resin in No. 1 anion unit 
with the salt and acid solutions in accordance with a method 
worked out by Cochrane Corporation, the equipment suppliers. 
About a month was required to obtain a shipment of high-purity 
salt required for the treatment so that actual clean-up work was 
not started until April, 1955. At that time resin capacities 
were found to have further decreased to 27 per cent below 
guarantee. 

In brief the method used for treatment consisted of dumping 
800 lb of No. 1 grade rock salt on top of the anion bed, introducing 
hot (160 F) demineralized water to dissolve the salt to produce 
a 10 per cent solution and percolating the salt solution slowly 
down through the resin to waste. Color determinations made on 
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the waste solutions showed from 2000 to 50,000 ppm of color 
extracted during this treatment. 

A 5 per cent sulphuric-acid solution was next introduced to 
remain in contact with the resin bed for 2 hr followed by a thor- 
ough rinse and a double regeneration using a total of 10 lb of 
caustic soda per cu ft of resin. 

Three complete treatment cycles were required to bring about 
substantial reduction in the amounts of color removed and 
improvement in total exchange capacity of the anion resin. 
Following the third treatment the total exchange capacity ob- 
tained during a test run was 5 per cent below guarantee. Since 
tests showed that color had not been completely removed from 
the anion resin, the unit was given a fourth treatment, but no 
improvement in length of run was noted. 

Waste effluent color in ppm, flow rates, and concentrations of 
salt and acid cleaning solution used for each of the four treatments 
are shown in Table 2. Currently chemical-oxygen-demand tests 
are being conducted on some of the highly colored samples to 
determine whether results can be related to color index. 

Table 3 gives a record of the test runs following each of the 
four treatment cycles. 

The loss in net-output capacity due to organic fouling of the 
anion resin has not caused ‘serious curtailment in production of 
sufficient make-up for the present boiler load. However, with 
two boilers and increased demand for make-up in the near 
future, the loss has become a matter of some concern. Present 
plans are to treat the anion-resin beds periodically with the salt 
and acid solutions and equipment is being installed to facilitate 
the treatment process, 

Characteristic of results obtained with the use of the highly 


TABLE 2 TREATMENT DATA 


Per cent Effluent Per cent 
Time NaCl color, ppm HeSO, 


Treatment No. 1—Prior e Run 80 
: 2 


a 


3:00 unit regenerated (usual procedure) 


Treatment No. 2—Prior to Run 81 


Acid ee 
rinse... 
rinse. . 
rinse. . . 


unit regenerated (usual 


eid 1 hr.. 
1:4 rinse. 
rinse. Trace 
rinse. 0.0 
rinse. 0.0 
55 unit regenerated procedure) 


Treatment No. 4—Prior to Run 89 


0.23 
1.1 


900 
75 


: .30 
Acid for 1 hr and rinsed th 
2:30 unit regenerated (cation single) (anion double) 


> 
>. 
Pigs 
gpm 
11:30 
Acid for 5.3 
1:30 ris 14.0 
2:00 rir | 00 — 170.0 be 
16.5 50,000 14.0 
5.0 
3:00 0.0 ‘ 0.2 170 
5.1 
0.2 170.0 - 
10 


RANSACRIONS OF THE ASME 


44 


ACCELATORS FLASH MIX TANK 
( 50% CAUSTIC 
| 
LJ 


FILTER 


DEMINERALIZER PUMP 


RECEIVING JS CLEARWELL 
PLATFORM 
CHLORINE ROOM| “==---* ~~ 


MASTER CONTROL BOARD 
CHEMICAL WASTE 

FEED TANKS CONTROL wt BASIN 

CHEMICAL CHEMICAL FEED © PumpP 


STORAGE PLATFORM PUMPS in ‘YC 


LAN NGEMENT— -WATE MENT A} NERALIZING PL, 
Fic. 1 Pitan ARRANGEMENT—River-Water TREATMENT AND DEMINERALIZING PLANT 


93 


| SULPHURIC ACID 


f 


 CHLORINATOR ACTIVATED ALUM ano DILUTE 


CAUSTIC 
MIXING MIXING 

CHAMBER CHAMBER 
j 


FLASH SULPHUENC CAUSTIC STORAGE 
4 STORAGE TANK DILUTION WATER~ TANK 


MIX ACCELATORS 10,000 GAL - 66" Be’ 


2 CATION 2 ANION 
EXCHANGE UNITS EXCHANGE UNITS 


( RIVER WATER ake 


TO RIVER TO RIVER TO RIVER 


AND DEMINERALIZING PLANT aed 


878 
an 
4 
>. 


DAVIDSON—DEMINERALIZED MAKE-UP FOR 1250-PSI INSTALLATION 


TABLE 3 OF TEST UNIT 
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basic anion resins, silica residuals in the demineralized water 
average about 0.05 ppm with maximum concentration of 0.1 
ppm; thus, with 20 to 30 per cent demineralized make-up boiler 
water, silica concentrations have been consistently maintained 
within the control limits of 3 ppm without excessive blowdown. 

About 2 to 4 ppm color and 5 ppm chemical-oxygen demand 
persist with demineralized water as shown by the analysis in 
Table 1, although no adverse effect on boiler operation has been 
noted in the 6 months of high-pressure operation, Traces of 
organic acids, which are not completely removed by anion ex- 
change, resulted in lowering pH of finished water to 5.5 during a 
normal run. This was particularly noticeable with reduction of 
sodium leakage from the cation unit. 


Sream AND ConpensaTE System 


Years of mill operation with Corliss reciprocating-engine drives 
for the paper machines utilizing 10 to 12-psi exhaust steam for 
heating paper-machine drier cylinders had resulted in fouling the 
steam and condensate systems as well as the driers, with oil 
and oily sludges. 

During the mill-expansion program, existing paper-machine 
drives were replaced with modern steam-turbine drives, thus 
removing the source of oil contamination of condensate returns 
to be used in the high-pressure boilers. A problem of some 
magnitude concerned clean-up of the steam and condensate 
systems, and the drier cylinders of the four existing paper ma- 
chines to remove accumulations of oil, sludges, scale, iron oxide, 
and dirt. 

In April, 1954, before replacement of the Corliss engines, 
a cleaning program was initiated to test the effectiveness of 
cleaning chemicals. Solutions of Oakite No. 19, alkaline phos- 
phate, and Oakite No. 8, a detergent, in concentrations of 1 lb 
and 0.25 lb per gal, respectively, were injected at rates of 18 gal 
per hr into the 10-psi exhaust header delivering steam to the 
paper machines. Two periods of application, one of 72 hr and 
one of 56 hr, were used initially during which condensate was 
discharged to waste. 

Sampling points in the system were selected at the steam- 
header oil trap, paper-machine drier rolls, sectional conden- 
sate headers under the paper machines, and the main condensate 
header. Oil determinations were made on 800-cc samples of 
condensate using an extraction method with purified ether to 
remove oil. 

The results of tests showed average oil concentration of samples 
taken at the various points before chemical addition was 9.2 ppm. 
The daily average for one week after termination of chemical 
addition was 3.3 ppm and later increased to about 5 ppm. A 
sample taken from the oil trap at the end of the exhaust-steam 
header prior to introduction of cleaning solution contained 488 
ppm of oil; after treatment average oil concentrations were 
about 15 ppm. All sampling points showed large increases of 
oil concentration during chemical addition with a general in- 
crease for about five days. 

As the Corliss engines for each of the four paper machines were 


replaced with steam turbines the cleaning program was con- 
tinued, reducing concentrations of oil in the condensate to ap- 
proximately 2 to 3 ppm. To clean the systems more efficiently, 
it was necessary to mix several hundred gallons of hot cleaning 
solution and circulate it through the drier cylinders of each paper 
machine and the condensate system during week-end shutdowns 
of the machine. Also, where convenient, condensate lines and 
traps were dismantled and cleaned mechanically to remove oily 
sludges. Cleaning was continued until late October, 1954, when 
analyses of condensate samples showed less than 1 ppm of oil. 
Except for short periods after week-end shutdown, condensate 
returns remained clear and free from oil contamination and were 
accepted for use in the high-pressure boiler. 

With the elimination of oily exhaust steam and the removal of 
oily deposits from the piping and equipment, it became necessary 
to provide other protection against corrosion and iron pickup. 
In accordance with current practice a neutralizing amine is 
introduced to the high-pressure boiler drum to raise pH of con- 
densed steam to 8.5. 

Recent analysis of condensate samples shows average iron 
content is 0.26 ppm. 

From discussion of the water-plant design, operation, and 
performance covered in this paper, it is apparent that there 
are challenging problems to be met and solved b;, both the plant 
designer and operator in treating successfully certain classes of 
natural surface-water supplies prior to demineralization. 

Preliminary investigations at East Millinocket as well as eight 
months of plant-scale operation during which approximately 
35,000,000 gal of Penobscot River water have been processed 
satisfactorily by demineralization for high-pressure boiler op- 
eration have demonstrated the nature of these problems and 
revealed some of the answers. 

The exacting specifications required for waters applied to the 
highly basic anion resins used in demineralizers have made the 
problem of chemical pretreatment particularly critical and one 
demanding extreme vigilance on the operator’s part to assure 
success of plant operation. 


CONCLUSION 
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Discussion 


S. B. AppLepaum.? We are indebted to Mr. Davidson of 
Stone and Webster and his associates at the Great Northern 
Paper Company for this interesting preliminary account of their 
experiences with the Cochrane demineralizer. 

When it was reported that the capacity was below normal it 
was at first felt that addition of more anion resin would be a solu- 
tion of the problem. However, when Mr. Crits, of Cochrane’s 
Research Department, visited the plant and returned with repre- 
sentative core samples of the resin for work in the laboratory, the 
real cause of the shortage of capacity was determined. It was 


2 Director, Water Treatment Division, Cochrane Corporation 
Philadelphia, Pa. Mem. ASME. —ae 


| 


Patty Run 
82...... 4/4/55 242 231 4.5 
83 to 88, -—Not included as— 
4/27/55 247 235 4.9 
aN 
= 
=<" 
) 
4 
gs 
iy 
ins 


— 


apparent that the difficulty was due to fouling of the anion resin 
by color and organic matter. The problem was how best to 
remove this fouling impurity from the resin. Painstaking tests 
with various cleaning reagents in varying strengths and amounts 
and for varying contact periods were made until the successful 
method described by Mr. Davidson was determined in the 
Cochrane laboratory. The use of salt first followed by acid and 
then by caustic succeeded in dislodging the organic matter from 
the pores of the anion resin. Salt causes the resin particles to 
contract and caustic causes them to swell. This alternate con- 
traction and swelling of the resin was successful. Capacity tests 
in column resin tubes were made to prove that the cleansing 
method finally developed would restore the capacity. We are 
glad that it was equally successful on a large scale with the actual 
plant. 

The next question is what can be done to reduce this organic 
fouling in the future. Even though the pretreatment plant is 
reducing the color and organic matter to a substantial degree it is 
apparent that the anion resin is still continuing to absorb some 
of the residual color and organic matter even if only by 2 or 3 
ppm. When this is multiplied by millions of gallons passing 
through the resin beds an accumulation of color takes place which 
blocks the active reacting sites in the resin particles, reducing 
their capacity for acid and silica adsorption. 

Mr. Davidson states that the preliminary laboratory study of 
the necessary pretreatment before designing the plant showed 
that alum coagulation was sufficient and that superchlorination 
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followed by activated carbon accomplished negligible additional — fin 
reduction of color and organic matter. However, in the writer’s 
opinion, it is precisely this small additional improvement in the ie 
pretreatment that is now necessary. E 
Additional tests are now being made in that direction and it is — 
hoped the final report on this interesting installation at some — 
future technical meeting will round out this initial progress | 
report by Mr. Davidson by revealing a successful solution of the 
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pretreatment problem so that the frequency of cleansing of 


the anion resin will be reduced to a minimum, 
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active part in connection with the resin-fouling problem which 


occurred following preliminary operation of the demineralizing- = a 


plant equipment. The salt and acid treatment for cleaning the - 
fouled resin developed by Mr. Crits proved to be a satisfactory - 
method for restoring the exchange capacity of the anion units. 
In consideration of Mr. Applebaum’s faith in the value of acti-— Be 


vated carbon for removing the final traces of organic contami- 


nants in the clarified and filtered river water, this medium will be 


evaluated on small-scale laboratory-column tests. 


of, 


ies 


a. i 
| 
iat 
a 
ai 
¥ 


Removal From Boiling 


_ The principal features of a nuclear reactor from which 
power is removed by boiling of the coolant within the active 
core are discussed. For most applications, the coolant is 


. - ebjective i is to devise a core arrangement which will permit 

_ operation at the highest power density for a given average 

- fluid density. Calculations based on simple theoretical 

- models are presented in performance-chart form to dis- 

_ play the relation of influencing variables. Experimental 

results obtained from systems in which boiling was pro- 

duced by electrical resistance heating of the liquid or 

simulated by bubbling air through the apparatus are sum- 

- marized. A method for calculating the density distribu- 

tion in a boiling system which takes into consideration 

explicitly the relative velocity of the vapor and liquid is 
presented. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
= cross-sectional area of reactor core, sq ft 
cross-sectional area of downcomer at its top, sq ft 
cross-sectional area of riser at its top, sq ft 
vapor fraction, dimensioniess 
gravitational force per unit mass, 32.2 ft sec~? 
latent heat of vaporization, Btu lb~ 
Bessel function of first kind, order zero 
flow-loss coefficient based on circulation of liquid only, 
dimensionless 
flow-loss coefficient based on homogeneous flow, dimen- 
sionless 
flow-loss coefficient based on slip flow, dimensionless 
ratio of circulation flow rate to net steam flow rate, dimen- 
sionless 
average power density, Btu sec~! ft~* = 0.0373 Kwl-! 
total power input which results in boiling, Btu sec~' 
pressure 
core radius, ft bewe 
fractional core radius, dimensionless = 
U,/f = actual average velocity of vapor, ft sec 
U,/(i —f) = actual average velocity of liquid, ft sec~! 
actual average relative velocity of vapor to liquid, ft sec~! 
velocity of liquid based on entire flow cross section, ft sec ~! 
velocity of vapor based on entire flow cross section, ft sec~! 
reference circulating liquid velocity, ft sec™! 
1 Sr. Development Engineer, Oak Ridge National Laboratory, Oak 
- Ridge, Tenn. (operated by Carbide and Carbon Chemicals Company, 
_ for the U. 8. Atomic Energy Commission). Assoc. Mem. ASME. 
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“slip factor, f ft sec ~! 

velocity at A,, ft see~* x} t 

velocity at A, ft sec 

specific volume of liquid, ft? Ib~! 

specific volume of vapor, ft* lb~! 

specific-volume change in evaporation, ft? Ib~! 

mass rate of vapor generation per unit volume, lbs sec, 

height of reactor core or active boiling height, ft 


total test-section height, ft 
height, ft 


height above test-section inlet at which boiling is initiated, a 


ft 
A,/A: 
fraction of vapor entrained in liquid and recirculated, 
dimensionless 
fluid density, pef 
density of liquid, pef 
density of vapor, pef 
= average density of riser, pef 
average density of downcomer, pef 
= average density of reactor-core fluid, pef 


f = liquid 


atl 


g = vapor 
1 = entrancetodowncomer 
2 = exit of riser AL 


INTRODUCTION 


The incentive in employing boiling as a method of heat re-~ 
moval from the core of a water-cooled nuclear reactor arises from 
the effort to reduce the fixed cost of the reactor plant without a 
sacrifice in operating cost or dependability. In comparison with 
nonboiling water-cooled reactors the savings in initial investment 
arises from two sources: (1) For a given maximum temperature 
restriction the thermal efficiency of the boiling plant is higher, thus 
requiring a smaller plant for a given net output while the system 
operating pressure is lower. (2) One or more costly components 
such as circulating pumps and heat exchangers can be eliminated. 

However, the basic simplicity of the boiling system is pur- 
chased at the expense of some design latitude in the direction of 
system stability and neutron economy. Stability and time- 
dependent operating conditions will not be considered here ex- 
cept to mention that several reactors have operated satisfactorily 
under boiling conditions. For a system in which the coolant is 
also the moderator the neutron economy is strongly dependent 
upon the density of the boiling mixture and hence upon the 
rate of heat removal. In a reactor in which the coolant does not 
function as the principal moderator it is possible to design the 
system such that the neutron economy is independent of the 
coolant density. Our attention here, however, is directed toward 
coolant-moderated boiling reactors. 

The design objective is to devise a core arrangement from which 
the maximum power can be extracted for a given mean density of 


the boiling mixture. The fissionable material or “fuel’’ in the 
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Fie. 1 Scuematic Diagram or Core ARRANGEMENTS FOR BorLIna 
REacTORS 


core can be disposed as a solid in the form of plates or rods or as a 
fluid in the form of solution or slurry. A schematic diagram of the 
core arrangement of a solid-fuel reactor is shown in Fig. 1(A). 
The fuel elements are disposed in the core vessel so that as boiling 
takes place from the surfaces of the fuel elements a circulation is 
established. Vapor separated from the boiling mixture in the 
region above the core passes into the steam dome and the remain- 
ing liquid enters the downcomer to be recirculated through the 
core. Clearly, a pump can be employed to augment the natural 
circulation. 

For fluid-fuel or homogeneous reactors in which the fuel is uni- 
formly dispersed in the moderator-coolant, two core, arrange- 
ments appear feasible. In the core arrangement shown in Fig. 
1(B) the natural vapor rise is depended upon to remove the 
steam, there being no ordered motion of the fuel mixture. If a 
concentric baffle or draft tube is employed to separate the core 
into a riser and downcomer region, as in Fig. 1(C), a gross circula- 
tion of the boiling-fuel solution can be established as in the core of 
the solid-fuel reactor. However, in this case, there is fuel in the 
downcomer as well as in the riser. 

While the choice of the core arrangement for a particular ap- 
plication depends upon a rather large number of factors, most of 
which are not of direct concern in this study, it is possible to make 
some generalizations which indicate the constraints on the power- 
removal system of a boiling reactor. For large reactors, such as 
those that would be used in a central-power station, the long-term 
economy indicates a low-fuel enrichment with a conversion ratio 
(fissionable atoms produced from neutron capture in fertile ma- 
terial to fissionable atoms burned) close to 1. In such reactors 
heavy water would ordinarily be the moderator. This means 
that to reduce costs, the total inventory of fuel and heavy water 
as well as fuel enrichment should be held to a minimum consistent 
with good neutron economy. All of these factors are improved 
by a high moderator density. For small reactors using fuel sub- 
stantially enriched in the fissionable isotope, a high moderator 
density is required to minimize the fuel inventory. Consequently, 
it is necessary to maintain a high boiling-mixture density and high 
utilization of fuel and special materials. 

For purposes of convenience, the removal of vapor from the core 
can be considered as consisting of two steps: (1) The vapor 
generated in the interior of the reactor must be moved to the sur- 


ah _ Vapor generated in the interior of the reactor will rise as a re- 


face of the core, and (2) after having reached a surface, the vapor 
must be removed from the entraining liquid. The relative im- 
portance of these two problems depends upon the design of the 
particular reactor under consideration. Since the vapor genera- 
tion is proportional to the volume of the core and the vapor sepa- 
ration is proportional to the surface area, the separation problem 
becomes more severe in comparison with vapor transport as 
larger reactor sizes are considered. This matter of physical size 
and configuration permeates most considerations both with regard 
to the necessity of including some devices for vapor separation 
and the extent to which circulation can be employed as a means 
of vapor transport. Accordingly, the mechanisms of vapor trans- 
port and method of vapor separation have been considered 
separately. The emphasis has been placed on the vapor-transport 
problem 


Vapor TRANSPORT IN THE CoRE 


sult of its buoyancy. In addition to this natural vapor rise, the 
gross motion or circulation of the liquid can contribute to the 
vapor transport. A natural circulation can be achieved if the flow 
can be directed to take advantage of the variation of fluid density 
within the core. If necessary, circulation can be forced by means 
of a pump. 

Preliminary Calculations. A simple analytical model can be 
used to determine in a preliminary manner the influence of per- 
tinent variables such as core size, operating pressure, and physical 
properties of the coolant. It is postulated that vapor transport 
takes place by natural circulation only and that the boiling mix- 


ture flows as a homogeneous fluid, i.e., that adjacent liquid and _ ros 


vapor move at the same velocity. The calculation is based on a 
cylindrical reactor which is partitioned by a draft tube as in Fig. ge 
1(C). The boiling liquid flows upward in the center, liberates a : 
substantial part of the vapor at the top surface, and flows down- ; .. 
ward in the annular region between the draft tube and the wall : 
of the core vessel. The details of the calculation are shown in ‘ 


Appendix A. The results can be displayed in the form of per- __ . 


formance charts. Such a performance chart is shown in Fig. 2 for — 
the case of a uniform vapor generation throughout the core (in- _ 
cluding the downcomer). Fig. 3 displays a similar chart for the 
core in which the vapor formation at any point is proportional to i 
Jo(2.405r’) sin (arz’) where r’ is the fractional core radius and ae 
is the fractional height. This is the power distribution one ex- 


tor and fuel density are uniform. Of course, in a boiling reactor 
neither the power distribution nor density distribution is uniform. | 
The actual power distribution depends upon a rather complicated — 
function of the fluid density but these two postulates represent _ 
limits of the actual power distribution. 
areas were arbitrarily taken equal. cava 
For both power distributions the expressions relating the aver- = 
age power density P to the average fluid density decrease (1— =— 
B/p,) have the form pes! 


hy, 2g Py 

K,, is a flow-loss coefficient and is equal to the number of velocity 7 
heads lost in one circulation pass. It is based on the mixture 
velocity at the top of the riser. 7 is the fraction of the vapor en-— oF 
trained in the liquid and recirculated. The dependent parameter y 

m v,/vs, shown on the performance charts is a generalized re- _ 


circulation ratio. 
The rather gross assumptions that were made to permit reasona- 


Riser and 


4 44 4+-VAPOR 
he 
SEPARATORS 
CORE 
; 
‘ 
Nig 
ues [or attainabdie wer densities in ticular ‘stems, 


 EMOLA, BAILEY—POWER REMOVAL FROM BOILING NUCLEAR REACTORS 


A 0.2 04 06 0810 
MEAN DENSITY DECREASE, 1-p/p, 


Fie. 2 Prrrormance Caart ror 
Reactor Basep on Fiow. Powsr GENERATION 
Unirorm, 8 = 1 


ever, the objective of the calculation was to determine the per- 
tinent variables entering the power-removal picture. 

The pressure influence enters through the ratio h,,/v,;,. The 
reality of this pressure effect depends strenuously upon the 
postulation that the relative velocity between the vapor and liquid 
is small in comparison with the circulation velocity. 

The influence of hydrodynamic losses is reflected in the loss 
coefficient K,. Its value is dependent upon the geometry of the 
specific system and whether additional resistances such as vapor 
separators are required in the circulation circuit. 

The power-removal capability of a unit falls off rather rapidly 
with increasing vapor entrainment in the downcomer. Following 
current steam-generator practice, 7 should have a value close to 
zero; in any event, it is likely that 7 > 0.2 will be excessive. 
Vapor separators can be employed to reduce vapor recirculation. 
However, they must be capable of operating under conditions of 
low total-pressure drop or the value of the loss coefficient K, will 
become too large for effective operation. Referring to the per- 
formance charts, it can be seen that for a given-average density 
decrease, a vapor entrainment of 7 = 0.2 reduces the power- 
density equivaient to about a fourfold increase in the loss co- 
efficient K,. 

The operating mean-density decrease for a specific reactor is 
set by nuclear requirements. The range of interest is 0.15 < 
(1 —f/p,;) < 0.40. From the performance charts the correspond- 
ing values of the recirculation ratio m fall between 10 and 100 over 
a range of pressures. This indicates the premium that exists to 
employ natural convection since a circulating pump must handle 
large flow rates of essentially saturated water, and if coolant 
holdup is important, in a radiation field. 

The power density varies inversely with the square root of the 
height and is independent of the diameter. For homogeneous 
flow when heat is generated in the downcomer a subsidiary caleu- 


that the optimum ratio of riser to downcomer 
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areas was approximately 3 instead of 1 as assumed for the calcula- 
tions presented. However, the relationship of the various varia- 
bles was not influenced sufficiently to warrant either a recaleula- 
tion or inclusion of the ratio as a parameter. 

Experimental Work. In order to check the realism of the ana- 
lytical considerations and to obtain further information on the 
dependence of power-removal capability upon average fluid 
density, several experimental systems were studied. Results 
presented here were obtained from two systems in which volume 
boiling was produced by electrical resistance heating of dilute 
acid and salt solutions. Both were natural-circulation systems 
and were generally similar’in design. The test section of one was 
1.25 X 4 in. in cross section while that of the other was 6 X 6 in. 
The test sections in both were 4 ft high. 

A schematic drawing of the 1.25 X 4-in. system is shown in 
Fig. 4. The circulation loop consisted of two vertical legs of 4-in. 
glass pipe 6 ft high with connecting sections at the top and bot- 
tom. Stainless-steel electrodes were mounted in one leg. Each 
of the two electrodes was made by welding a flat strip of steel 
across the chord of a longitudinal strip cut from a length of pipe. 
The curved portion of the electrodes roughly conformed to the in- 
side diameter of the glass pipe and the flat section formed the test 
region. A flowmeter was installed in the downcomer leg. The 
flowmeter used was either an orifice or a cooling coil with thermo- 
couples mounted upstream and downstream. A reflux condenser 
was mounted above the downcomer leg. 

Vertical density distributions through the test section were ob- 
tained by measuring the attenuation of a collimated gamma-ray 
beam by the boiling fluid. The gamma source was iridium 192. 
The detector was a scintillation counter employing a thalium- 
activated sodium-iodide crystal. The output from the photo- 
multiplier tube was fed to a linear amplifier and then to a scaler 
with an internal timing circuit. At each station a count rate was 
obtained with the test section empty and also completely filled 


4 
4 
et 


POWER LEADS TO 


AUTO TRANSFORMER —, CONDENSER 


ELECTRODES 


SECTION 


_-— DOWNCOMER 


LLATION 


COLLIMATED 
IRIDIUM SOURCE 


TO LINEAR 
AMPLIFIER 
SCALER 


FLOWMETER 


Fie. 4 1.25 X 4-In. Narurat-CircuLaTIOn APPARATUS 
with liquid. The density of the boiling mixture was determined 
from the count rate obtained under operating conditions by 
assuming the count-rate increases as a simple exponential with 
increasing fraction vapor. The assumption of a simple exponen- 
tial was shown to be valid in subsidiary experiments. The frac- 
tion vapor could be measured with a precision of 3 per cent. with- 
out difficulty. 

Temperature traverses of the test section were made in a few 
runs with a movable thermocouple within a 4-mm-OD glass tube 
which passed vertically through the center of the test section. 

Experiments were also performed with four static systems in 
which air was supplied at the bottom of the test vessel and 
bubbled through the liquid. System diameters were 4, 6, 24, and 
69 in. The 6-in. system was square in cross section; 6 in. was 
the hydraulic diameter. Active heights investigated ranged 
from 0.5 to 8.7 ft. The density of the liquid-gas mixture was 
determined by measuring the liquid level before and during the 
passage of air through the system. 

Summary and Analysis of Available Experimental Information. 
It was observed that for static systems the vapor velocity U, 
based on the entire cross-sectional area of the test region could be 


where f is the fraction vapor and U, is only a slowly varying func- 
tion of the geometry and fluid properties. The true average 
vapor velocity u, is 


. 
Wd 


> 


n the ‘peeailaad nise t » that the velocity of the vapor relative to the 
e alip u, (u, = u, in static systems) should be the same in dy- 
namic as in static systems, the expression for this slip velocity in 


a dynamic system is 
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where U, is the liquid velocity based on the total cross-sectional 
area of the test section. Accordingly, the vapor velocity for a dy- } 
namic system is given by 

U, (U,; + U,) i 
For the particular case in which the power input to the system is" 


uniform, the vapor velocity, as a function of the height from the 
inlet of the test section z is given by 


= %) 
Z 


where P; is the total power from which vaporization results, A is ae 


the cross-sectional area of the flow channel, z, is the point of initia- 
tion of boiling, and Z is the total boiling height. Equations [5] — 
and [6] can be combined to give 

Zh 


(z — 2) 
= — (U 
Zw,P, (U; + 


which defines the vertical vapor-fraction distribution and hence — / 


the density distribution. Z» is the total test-section height. 


A representative density distribution obtained from the 1.25 


X 4in. circulating system is shown in Fig. 5. Each point repre-— 
sents the average of four values obtained from four traverses 
made during the run. The data have been replotted in Fig. 6 to | 

correspond in form to Equation [7 }. 


The slope of the line repre- 
senting the data corresponds tothe factor 
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Zh,,A 
+U 


in Equation [7]. By means of this expression, U, was calculated 


_ from the experimental data. For these calculations, initiation of 


boiling was taken to occur at the height corresponding to a vapor 


fraction of 0.05. At first consideration, it would appear that ex- 
periments with an electrically volume-heated system would not 
_ meet the requirement that the heat addition be uniform upon 

which Equation [7] is based, since the heat generation is propor- 
- tional to the mixture density. However, because of the appre- 
 ciable change in saturation temperature due to hydrostatic head 
in systems operating at near-atmospheric pressure, a rather large 
fraction of the heat is added to the circulating liquid before boiling 
_ begins. As a consequence, a proportionately large fraction of the 


‘x A vapor produced in the boiling region results from flashing. Tem- 


_ perature distributions obtained in the 1,25 X 4-in. apparatus are 
_ shown in Fig.7. With the exception of the highest power run, the 
temperature variation in the boiling region is reasonably linear 


indicating that at least for some runs uniform vapor generation is 


achieved. 
Values of the slip factor U, calculated from available data are 
_ shown plotted against specific volume of the vapor in Fig. 8. In 
addition to results obtained in the present study at near-atmos- 
_ pheric pressure, values have been calculated from the data of 
_ Cook* and Behringer.‘ Cook’s apparatus was a natural-circula- 
tion surface-heated system and was operated at 600 psia. Boiling 
took place from electrically heated flat plates about 4 in. wide. 


Two combinations of plate-spacing and height were employed, 


namely, #/,-in. channel, 5 ft high, and channel, 4 ft high. 
Water entering the test section was slightly subcooled in all of the 
runs. The Behringer apparatus was a natural-vapor-rise system 
in which vapor was generated at the bottom and bubbled through 
_ tube initially filled with water to a height of 8.2 ft. Tube 


‘ _ diameters of 2.25, 2.72, and 3.25 in. were used and the pressure 
range from atmospheric to 600 psia was covered. For this system 


values of U, could be calculated by means of Equation [2] since 
_ the vapor fraction did not change with height. 
Since the slip velocity must go to zero at the critical pressure, 


: the line representing the data has been extrapolated to pass 
through this point. 


Data for pressure above 600 psia are not 
_ available. Slip factors above this pressure should be considered 
plausible values. Greater weight was given to slip factors calcu- 


lated from the Behringer data since they were subject to fewer 


- assumptions regarding the operating conditions of the system. 
The range within which half the slip-factor values calculated from 
cireulating-system data fell is indicated by brackets. Al! values 
were used in calculating the average at a given pressure since it 
was difficult to establish to what degree the actual operating con- 
_ dition corresponded to the assumptions upon which Equation [7] 
_ is based. In natural-vapor-rise systems all data fell within 20 per 
cent of the average value. 

The influence of geometry and fluid physical properties other 


than vapor specific volume on the slip factor appear small. 


me Subsidiary tests with a static system in which air was bubbled 


2 _ through glycerin and methanol as well as water gave similar values 
Of the slip factor. 


# In these tests the surface tension varied by a 
_ faetor of 2.5 and the dynamic viscosity by a factor of 500. Re- 
sults of experiments with the air-water apparatus indicate that 


; 3 W. H. Cook, Argonne National Laboratory, personal communica- 
tion. 

_ 4*Wasserumlauf in Dampfkesseln,” by E. Schmidt, P. Behringer, 

and W. Schurig, VDI Forschungsheft 365, 1934. A translation of this 

- paper is on file at the Technical Library, Y-12 Plant, Carbide and 

_ €arbon Chemicals Company, Oak Ridge, Tenn. 
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the slip factor is independent of height and decreases slightly with 
increasing diameter. 

It is interesting to notice that implicit in the vapor-transport 
picture represented by Equation [5] is that the ratio of vapor 
velocity to liquid velocity is constant.* 

The method of calculating the vapor transport as a function of 
the boiling-mixture density outlined here should be considered 
tentative; the work is clearly preliminary. However, the method 
does appear to preserve the features of boiling-liquid flow essential 
to calculating the mixture density in the range of interest in boil- 
ing-reactor calculations. It has the advantage of separating the 
calculation of the density distributions from that of pressure drop 
in circulating systems; the coupling between the two is a ref- 
erence circulating liquid velocity Uo. In the case of natural-vapor- 
rise systems, no pressure-drop calculation is necessary. 


* At a cross section where the vapor fraction is /, the actual average 
vapor velocity is uy = U,/f; the actual liquid velocity is us = 
U;/1 — f. Accordingly, the ratio of vapor velocity to liquid velocity 
is (U; + 
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Vapor SEPARATION 


It is common practice to include vapor separators in modern 
steam-generating equipment. The complex of separation de- 
vices included in such units serves two functions: (1) To remove 
the vapor from the vapor-liquid mixture generated in the steam- 
ing region of the unit and (2) to remove entrained liquid particles 
and, in general, clean the separated vapor. It is the former func- 
tion of the separator which is of importance in determining the 
power-removal capability of boiling reactors. 

The simplest method of separation is to provide sufficient free- 
surface area for vapor disengagement by natural vapor rise. 
For large reactors, particularly fluid-fuel systems, the surface area 
required for this method of separation appears to impose a rather 
severe penalty in the form of moderator holdup and pressure-ves- 
sel size. 

The requirement of a large free surface can be eliminated by 
employing vapor separators in the circulating-flow circuit. It is 
usual in such separators to direct the vapor-liquid mixture flow so 
that a centrifugal-force field is created which affords the separa- 
tion with a relatively small mixture-vapor surface. It is rather 
common to obtain an acceleration of 1000 ft/sec* with an over-all 
pressure drop in the order of 1 psi. However, it is exactly this pres- 
sure drop that is so critical in a natural-circulation system. 
For most systems the pressure difference available for operating 
the separator plus-flow losses in the remainder of the system is in 
the order of 1 to3 psi. The situation which imposes a more severe 
requirement on low-pressure drop through the separator for a 
reactor application is that a higher ratio of liquid to vapor in the 
mixture must be handled than is common in steam-generating 
equipment, Even in natural-circulation steam generators, circu- 
lation ratios of about 10 (ratio of circulation-flow rate to net steam- 
flow rate) at full load are seldom exceeded while the requirements 
of low mean-density decrease in a boiling reactor requires re- 
circulation ratios of about 10 as a lower limit. 


Power-RemovaL CacuLations Basep on Siip Flow 

The spacial distribution of power generated in any actual reac- 
tor system is a function of the fuel and moderator density. These, 
in turn, are dependent upon the power-removal capability of the 
particular core arrangement so that calculation of the operating 
conditions, although clear in principle, becomes rather compli- 
cated. However, it is possible to obtain a reasonable estimate of 
the relationship between the attainable power density and the 
average boiling-mixture density for a number of core arrange- 
ments by postulating that the energy is added in some simple 
manner, 

The power-removal capability of the three core arrangements 
discussed in the introduction have been calculated employing the 
two-phase flow model given by Equation [5] under the postula- 
tion that the power generation is uniform. The calculations are 
outlined in Appendix B. For both the solid and fluid-fuel nataral- 
circulation systems it was postulated that no vapor was entrained 
at the top of the downcomer (7 = 0). In the fluid-fuel system, for 
which a performance chart is shown in Fig. 9, the ratio of riser to 
downcomer area was arbitrarily taken as three (8 = '/;). The 
region of uniform heat generation extended over the downcomer. 
The power density is based on the entire core volume. A per- 
formance chart for the solid-fuel system is shown in Fig. 10. 
The power density is based on the riser (fuel-region ) volume only; 
no heat is generated in the downcomer. 

These performance charts are similar in form to those prepared 
on the basis of homogeneous flow with the exception of an addi- 
tional parameter K,U,?/2gZ by which the influence of the slip 
factor is taken into consideration. 

The power density for a given-average fluid-density decrease 
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and operating pressure can be calculated by means of the per- 3 


formance charts in the following manner .* 


1 For a given-average density decrease an approximate value _ 


of m can be found from the circulation-rate parameter mv,/v;, ; 


corresponding to a value of K,U/2gZ = 0. 


2 For a given operating pressure and a specified distribution ae 
of vapor generation, the pressure loss in one circulation passisa = 


unique function of the weight-flow quality at the top of the riser. 


The weight-flow quality is equal to1/m. Charts of multipliers — 
that can be applied to a calculated single-phase pressure drop to __ 
obtain the two-phase pressure drop have been prepared by Mar- > 


tinelli and Nelson.’ Employing these charts or an equivalent 


method of calculation, the flow-loss coefficient K, can be ob- _ 


tained. 


* An example is worked in Appendix C. 


7 “Prediction of Pressure Drop During Forced-Circulation Boiling i, lh 


of Water,” by R. C. Martinelli and D. B. Nelson, Trans. ASME, vol. _ 


70, 1948, p. 695. The details in the calculation of the loss coefficient 
the above paper are shown in Appen- 
ix C. 
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3 U, is a function of operating pressure only and can be ob- 
tained from Fig. 8. The parameter K,U,*/29Z can then be cal- 
culated and an improved value of m can be obtained from the per- 
formance chart. 

4 An improved value of K, is then calculated. This process 
is rapidly convergent and two iterations are usually sufficient. 

5 The power density can now be calculated from the value 
Of the ordinate 


corresponding to the mean density decrease a B/p;) and the 


.. 


parameter K,U,*/29Z. 


Fig, 10, the performance chart for the solid-fuel reactor, can 
be used to calculate the power density attainable in a single chan- 
nel as a function of the average density in that channel. Such a 
relationship can be used to take into consideration the radial 
power distribution in a reactor core. To account for a nonuni- 
form vertical power distribution a new chart must be prepared. 

For the reactor-core arrangement in which the generated vapor 
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is removed only by natural-vapor rise, the calculations are 
simplified since it is not necessary to calculate a flow-loss co- 
efficient. A performance chart for this case is shown in Fig. 11. 
The power density varies inversely with the core height instead of 
the square root of the core height as with natural-circulation sys- 
tems. This core arrangement is suitable for small fluid-fuel reac- 
tors. 

It can be seen that with slight modification these calculations 
can be applied to determination of flow conditions in conventional 
steam generators. 


Discussion 


The relationship between the transport of vapor in a boiling- 
liquid mixture and the mixture density as given by Equation [5] 
1s supported by existing experimental information. The relation- 
ship must be considered tentative in the sense that a prudent de- 
signer would like the range and limits of applicability more com- 
pletely defined and the experimental information upon which it 
is based more firmly established. Briefly, the principal features 
of the proposed flow model are: 


1 The relative velocity of the vapor to the liquid depends pri- 
marily upon the local vapor fraction and not upon the circulating 


flow rate. 
ss 2s The value of the slip factor U, depends primarily upon the 
_ specific volume of the vapor and only weakly upon geometry and 


other physical properties. 

3 Acorollary of (2) is that the ratio of the local vapor velocity 
to the local liquid velocity is essentially constant with distance 
along the channel. 

Further experiments with circulating systems are needed over 
a range of pressures. In particular, no complete data exist for 


pressures over 600 psia. 
As applied to reactors, it appears that the velocity of the vapor 
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relative to the liquid contributes substantially to the power re- 
moval from circulating systems even at high pressures. The in- 
fluence of the slip velocity upon flow losses and pressure drop was 
not investigated in this study. A knowledge of the flow losses is 
important in establishing the power-removal capability of a cir- 
culating system. The proposed method of calculation has the ad- 
vantage of separating the flow-loss calculation from the deter- 
mination of the density distribution; the coupling between the 
two is provided by the reference circulation velocity Uo. 

(+ 

SUMMARY 

A method for the calculation of the power-removal capacity of 
a boiling reactor as a function of the average fluid density has 
been presented. The relative velocity of the vapor to the liquid 
enters the calc ulation explicitly in the expression 


U, = (U, + U,) 
which relates the local vapor velocity to the local vapor fraction. 
The method of calculation gives results consistent with available 
experimental information. 

Performance charts have been prepared for idealized models of 
both solid-fuel and fluid-fuel reactors in which the heat generation 
is uniform. These can be used for a rapid estimate of power re- 
moval from boiling reactors of various sizes operating under a 
variety of ‘steady-state conditions. The influence of heat- 
generation distribution is also displayed for one model in per- 
formance charts which were calculated on the basis of homogene- 
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To analyze the case in which all of the vapor transport is pro- 
vided by natural circulation of the core fluid, the following postu- 
lations were made: 


1 The reactor core is cylindrical. The core fluid flows in an 
annular downcomer region to the bottom of the reactor core, re- 
verses, and flows through the riser region in the center to the top 
of the reactor core. 

2 At the top of the downcomer, the average fluid velocity 
normal to the annular cross-sectional area A; is U;. At the top of 
the riser, the average fluid velocity normal to the central cross-sec- 
tional area A; is U2. All of the circulating fluid passes through 
A, and Ag, respectively. 

3 As the fluid flows from area A; to A;, a vapor separation is 
affected and an equal mass rate of saturated liquid is added so 
that the average density of the fluid increases from p: to pi. 

4 The circulation velocities are sufficiently greater than the 
vapor velocities relative to the liquid that the fluid may be con- 
sidered homogeneous. 

5 The reactor core has a uniform cross-sectional area A = 
A, + Ax. 

Conservation of mass requires that 


volumetric balance requires that 


Combining to eliminate U,A, and solving for the power density — 


Equation [10] provides the relationship between the average he a zat 
power density and the boundary-fluid densities. We seek a rela- a a) 
tionship between the power density and the relative average — ot 
density p/p,;. Accordingly, it is necessary to consider the effect of ope 
vapor recirculation. 


A vapor balance between sections 2 and | at the top of the reac- A : 
tor core yields | 


where ni is s the fraction of vapor entrained in the liquid and re- 
circulated. Combination of Equations [8] and [11] yields 


To complete the relation of the average power density to the 
average fluid density, it is necessary to specify the circulation rate, 
the circulation-flow pattern, and the manner in which vapor is _ 
generated within the core. 

The natural-circulation velocity can be coupled to the density — 
by equating the difference between the buoyant forces of the 
downcomer and the riser to the flow losses 


Z(po— = BKy 
g 


abues po is the average density of the downcomer, p; is the — 
average density of the riser, and K, is the flow-loss coefficient. 
the flow losses enter {13] in a rather rudi- 


tion losses all in first approximation on the of 
the density and the square of the velocity. + 

For the specification of the circulation-flow pattern and the © 
manner in which vapor is generated within the reactor core, two 
models are considered. 

Case I. The rate of vapor formation occurs uniformly through-— 
out the reactor core and the cross-sectional area of the riser A: is 
equal to that of the downcomer A). 

Considering a differential height of the annular downcomer _ 
and writing a volumetric balance for this element gives 


PAW s, 


d é 
(AU) — = =0... 


where U is the velocity in the upward direction. a . 
Conservation of mass for the downcomer requires 


to 


+ = 0 


Noting that A/A; = 2, a combination of Equations [10], [14], 
and [15] and a subsequent integration with respect to the height 
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A similar analysis for the riser yields 
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0 pi 
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Assembling Equations [10], [13], [17 71, [18], a 


Pv;, “a 


8], 


me, 


pind 
which together with Equations [12] and [19] defines the relation 
between the pertinent dimensionless parameters for this model. 
The results are displayed graphically in Fig. 2. 

Case I], The mass rate of vapor formation at any point is 
directly proportional to Jo(2.405r’) sin (wz’), where r’ is the frac- 
tional core radius r/R, and z’ is the fractional core height 2/Z. 
The cross-sectional area of the riser A, is equal to that of the 
downcomer. 

In a manner similar to that of Case I, conservation of mass for 
the downcomer demands 


where C is a constant. 


1 1 
U,A Pi ( 


The average power density is 


In 
py 


= 


Performing the indicated integration 


) = —0,0928Cv,, R*Z(1 + cos wz’)..... [22] 


Ch 
— . [23] 
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1 1 
P= f 2r’Jo(2.405r’) sin wz'dr'dz’ = 
0 0 


Combination of [8], (11), and 


bor 


Asimilar treatment forthe riser yields 


Pr 


(1— 


pr 


[: — 0.78 ( 


Equations [10], [13], [25], and [26] give 


Equations [12], [27], and [28] define the relation between the di- 
mensionless parameters for this model. The results are displayed 
graphically in Fig. 3. 


The circulation ratio m is defined by 


pi 
p 


Pi 


circulating flow rate 


m 
steam rate 


Substituting for U, from Equation [13] and rearranging 


Substitution of Equation [13] into Equation [10] gives 


BERT 


‘Combining Equations [30] and [31] gives 


ty 


whieh | is plotted asa dependent nemeee in Figs. 2 and 3. 
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2+ 1 — — at 1 + 0.1073 -—] a + cos mz’) 
The average density of the downcomer po n by 
pi 4 
21) 
\p,/ 
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Calculation of the relationship between the power densit y and 
the mean fluid density for the case in which the relative velocity 
of the vapor is taken into consideration is similar to that for 
homogeneous flow. Referring to Appendix A, only postulation 4 
is replaced by considering the vapor velocity at any cross section 
of the flow path is given by Equation [5]. For simplicity, cal- 
culations are based on 7 = 0, and uniform vapor generation (w 
= const). 
_ Conservation of mass requires 


a vy 


In the downcomer the velocity will be considered positive 
downward so that Equation [5] becomes 


U, = (U,— U,) 


A volumetric balance of vapor generated in the downcomer 


oes, 
of 


Eliminating U, in Equation [33] by substitution from Equa- 
tion [34], performing the indicated differentiation, and combining 
with Equation [35] gives 


U,d@ (1\—S\_ | 1—f 


Relating the circulation-flow rate to the liquid velocity at the 
entrance to the downcomer, Uo, the conservation-of-mass expres- 
sion becomes 


Elimination of U,; between Equations [34! and [37] gives 


U.—U, 
U, = 


which can be substituted into Equation [36] to obtain the ex- 
pression 


* 


Performing the indicated integration and eliminating the vapor 
fraction f by means of the relation p = p,(1—/f) + p,f results in 
an expression for the density distribution in the downcomer 


In the riser, the density distribution and average density can be i 
obtained in a manner similar to that for the downcomer with the Weeki - 
exception that the circulation velocities of the vapor and liquid  —__ 
are considered positive upward, This results in the slip factor — ts 
U, preserving the positive sign in Equation (5] and the vapor- 
balance expression becoming 


The conservation-of-mass expression related to the liquid-flow 
rate at the entrance to the downcomer becomes 


where Bi is the area ratio A;/A>. 
for the vapor velocity is 


Performing the analogous operations yields the density distribu-— he 
tion 


iy Po Ups + U, 


and the average density 


Pi UB + U, [ Zv (#)| 
Py wlv;, Pr 


for the riser. 
The vapor liberated from the core at the top of the riser must be 
equal to that generated i in the core 


+1) = 
v 

substituting for from Equation [43] and expressing terms 
of density at the top of the riser, p2, the expression becomes 


re oy 


YA) p 
UB + U, 


At the bottom of the core the density in the riser and down- 
comer must be equal; accordingly, by Equations [39] and [44] 


wZv, 
) U, UB + U, 
Substitution of Equation [47] into Equation [48] gives 


U.— Us Pe B +1 : 
Notice that Equation [47] can be substituted into Equations — 
[44] and [45], and Equation [49] can be substituted into Equa- © 


tions [39] and [40] to give density distributions and average __ 
densities as a function of the riser outlet-density ratio p2/py, 


The corresponding expression 
yi 
dU 
a 
1 
——_}......... 47) 
B+i 
ou 
The average downcomer density is given by ps B+1 
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Pa B+1 The average density in the riser is also the average density in the 


core; from Equations [45] and [58] 


The average density in the reactor is 2 B + _ wry, )| 
B+1 Py B+1/ p,; = — 
pe 


Substituting [53 | for into andem- 


Finally, the natural-circulation velocity can be coupled to the ploying w = P/h,, gives 
density by equating the difference between buoyant forces in the Pv,, [KZ] 
downcomer and riser to the circulating-flow losses* t.. 9 = 1 


Z(po —p;) = — 29 


Tin 
( Po Which along with Equation [59] provides the relationship be- 
2 \Py Py tween power density and average fluid density for this model. 
It will be noticed that with the exception of a new definition of 
Substituting this expression into Equation [47] and recalling the relations for this model follow from the previous one by letting 
that w = P/h,, there resalts 8 = 0. These relationships are displayed graphically in Fig. 10 
vy, [KZ Ys 1 ) 8 ( Po p;, \'7 in the form of a performance chart. 
= The dependent parameter involving the circulation ratio be- 


KU.\'4 comes 
Equations [50], [51], [52], and [54] provide the relationship be- od 
tween power density and average fluid density for this model in 
which vapor is uniformly generated throughout the reactor core. Po 

Results of a calculation for which 8 = 1/3 are displayed graphi- Be ar 
cally in Fig. 9. This model is appropriate for a fluid- fuel reactor Another core arrangement, one employing natural-v: apor rise, 
of the type illustrated schematically in Fig. 1(c). can be examined for power-removal capability by further modifi- 
The circulati ti es Gehnsd by cation of the foregoing expressions. The natural-vapor-rise sys- 
ne eee ad tem is shown schematically in Fig. 1(b). In this case Up = 0 and 

circulating flow rate Equation [58] becomes 


steam rate 


[=] which upon rearrangement and substitution of w = P/h,, is 

hy 29 vs B+1 Py 


Poy Z Ps 

This expression can be combined with Equation [54] to give U, = 

| KU)" The mean density is given by Equation [59]. The results for this 
29Z model are displayed graphically in Fig. 11. "ee. 


1 


hy 29 


Appendix 
which is in a form convenient for plotting as a dependent parame- ee rity 

ter. This has been done in Fig. 9. a 
3 Only slight modification need be made in the relations pre- To calculate the power-removal capability of a boiling reactor 
iS. i it is necessary to evaluate the pressure drop in one circulation 
Eee of the type illustrated schematically in Fig. l(a). Again, vapor pass of the boiling mixture. This pressure drop enters the per- 
sa generation is postulated uniform, but only in the riser. No formance calculation through the flow-loss coefficient K, which 
vapor is generated in the downeomer. is based on the inlet is 
area of the fuel region at the bottom of the core. Since only liquid 
enters at the bottom of the riser, from Equation [44] there re- 


sults 


Samp._e CALCULATION 


* K, and Kx have not been defined in a completely equivalent man- It is convenient to employ the method of Martinelli and Nelson.” 
ner, For the case» = 0,itcanbeshownthat Expressed in their symbols, the pressure drop during flow of a 
Ku = (6/02) (py /p2) 8? mixture AP yp is given as 


| 
ee 
| 
Z 
a 
Lat 
A. 


TABLE 1 
Steam quality, 


VALUES OF APrer/sP. AS A FUNCTION OF 1/m AND p 


per cent by - 
weight flow 


TABLE 2 
Steam quality, 
per cent by weight 
7 14.7 100 


023 
068 


‘ 


| 


pressure drop in the flow circuit for flow of 
saturated water at total flow rate 


= multiplier for single-phase pressure drop to yield 
a two-phase frictional pressure drop; plotted as 
a function of system pressure and exit weight- 
— flow quality in Fig. 4 of Martinelli and Nel- 
son® 

multiplier to account for loss due to acceleration 
of the fluid during evaporation; plotted as a 
function of system pressure and exit weight- 
flow quality in Fig. 6 of the previous paper® 

G = total weight rate of flow per unit area 


As applied to the present calculation the following equivalence 


ot 


where K,, is the flow-loss coefficient for the flow circuit based on 
liquid flow only. Substituting Equations [65] and [66] into 
Equation [64], rearranging, and equating the result to Equation 
[63] yields 

* Numerical values of the multipliers calculated by Martinelli and 
Nelson’ on which their Figs. 4 and 6 are based are reproduced here 


in Tables 1 and 2, TPT, ely. 


4 i 


: 


VALUES OF MULTIPLIER r AS A FUNCTION OF 1/m AND p 


Pressure, psi 


1000 


88 


which is a function of system pressure and 1/m for a given reactor. 
As a sample calculation, the power density in a fluid-fuel-reac 
tor core, 10 ft high and 10 ft diam, will be obtained for operation 
at an average density decrease of 0.30 and 1000 psia; 8 = 1/3 
and vapor generation uniform. 


1 For (1 — p/p;) = 0.30 and K,U 
from Fig. 9. At 1000 psia, m = 
1/m = 0.051. 

2 From Martinelli and Nelson,’ Figs. 4 and 6, APppp/AP» = 
2.3 and r = 0.021, respectively, for exit quality 0.051 and pressur« 
1000 psia. Evaluating the loss coefficient based on flow ad me 
liquid: 


«/2gZ = 0, mv,/v,, = 1.0 
1.0 = 0.424/0.0216 = 19.6 


Turn at bottom... 
Riser friction 

parators. . 

Total... 


eat Equation [67] 
K, = [4.5(2.3) + (2)0.021/0.0216] ~ 12 
3. From Fig. 8, U, = 1.0 at 1000 psia, accordingly 


KU; 12(1) 


= 0.019 
29Z —«64.4(10) 


From Fig. 9 the improved value of mv,/v;, = 0.52. Repeating __ 
steps 2 and 3 for m = 10 gives K, = 17 and K,U,?/2gZ = 0.026. 
4 From Fig. 9 the ordinate has the value 0.24 from which © 


p = £0:24)(0.0373 (650) f 64.4 
17(10) 


8.5 Kw// 


‘a : 1000 3206 
1-30 54 9.037 0.026 0.017 0 
21.80 0.215 0.139 0.088 0 | 
where 
i 
0.1 
— 


= 
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